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The protection of optical sensors or human eyes from intense laser radiation is highly 
sought as the laser technology is growing tremendously with the development of highly 
powerful pulsed lasers. To meet such a demand, a vast amount of research efforts and 
advances have been made in a subfield of nonlinear optics, often called as optical limiting, 
in which the light absorption and/or light scattering of a material increases with the 
intensity of incident laser pulses. Most of the works have been carried out towards ideal 
optical limiting materials by exploiting the underlying mechanisms including 
multi-photon absorption, reverse saturable absorption, nonlinear scattering and nonlinear 
refraction. However, the lack of strong optical limiting performers has hindered practical 
applications. This dissertation presents detailed optical limiting investigations performed 
on novel nanocomposites such as Ag-Fe3O4 nanocomposites and graphene oxide 
nanocomposites. 
First, we have investigated the effects of attached silver (Ag) particles on the 
nonlinear optical properties of Fe3O4 nanocubes. In particular, the Ag-size dependence of 
both two-photon absorption (TPA) and nonlinear refractive index (NLR) of Fe3O4 
nanocubes was measured experimentally by using femtosecond Z-scan technique and 
compared with the theoretical calculated enhancement factor through discrete dipole 
approximation (DDA) modeling. As compared to pure Fe3O4 nanocube, the TPA and NLR 
cross-section of Ag-particle-attached Fe3O4 nanocube were increased by several folds at 
light frequencies far below the surface plasmon resonance of Ag nanoparticle, with 
precise values depending on the size of Ag nanoparticle. These enhanced values were in 
  Summary 
 vii
agreement with the theoretically calculated enhancement by DDA modeling, which 
revealed that the local electric field induced by the metal nanoparticle should play a 
crucial role in the observed enhancement. Subsequently, we examined the optical limiting 
properties of these Ag-Fe3O4 nanocomposites for both femtosecond and nanosecond laser 
pulses. With these nanocomposites, we demonstrated that broad temporal optical limiting 
could be accomplished with low limiting threshold. Due to the presence of Ag 
nanoparticles, nonlinear scattering gave rise to enhanced optical limiting responses to 532 
nm nanosecond laser pulses, with a limiting threshold comparable to carbon nanotubes, 
which is known as a benchmark optical limiter. Exposure to 780 nm femtosecond laser 
pulses, resulted in superior limiting responses with a limiting threshold as low as 0.04 
J/cm2 using enhanced TPA. The limiting threshold could be further reduced by increasing 
Ag particle size through plasmon enhancement.  
Secondly, with nanosecond laser pulses at 532 nm wavelength, we have measured the 
optical limiting properties of reduced graphene oxide-polymer composite solutions. 
Fluence-dependent transmittance measurements showed that the limiting threshold values 
(0.93 J/cm2 and 1.12 J/cm2) of these reduced graphene oxide-polymer composites were 
better than that of carbon nanotubes (3.6 J/cm2). Nonlinear scattering experiments 
suggested that nonlinear scattering should play an important role in the observed optical 
limiting effects. 
Lastly, we have shown a simple strategy to enhance optical limiting responses in 
donor-acceptor complexes by utilizing ionic interactions between donor and acceptor 
materials. The donor-acceptor complexes were prepared simply by mixing oppositely 
  Summary 
 viii
charged donors and acceptors, which offers great advantages over covalent 
functionalization where a complex chemistry is required for synthesizing such complexes. 
Optical limiting properties of donor-acceptor ionic complexes in aqueous solution were 
studied with 7 ns laser pulses at 532 nm and the optical limiting response of negatively 
charged gold nanoparticles or graphene oxide (Acceptor) was shown to be improved 
significantly when they were mixed with water-soluble, positively-charged porphyrin 
(Donor) derivative. In contrast, no enhancement was observed when mixed with 
negatively-charged porphyrin. Time correlated single photon counting measurements 
showed shortening of porphyrin emission lifetime when positively-charged porphyrin was 
bound to negatively-charged gold nanoparticles or graphene oxide due to energy or/and 
electron transfer. Transient absorption measurements of the donor-acceptor complexes 
confirmed that the addition of energy transfer pathway should be responsible for 
excited-state deactivation, which results in the observed enhancement. Fluence- and 
angle-dependent scattering measurements suggested that the enhanced nonlinear 
scattering due to faster nonradiative decay should be a major contributor the enhanced 
optical limiting properties. These findings strongly support a potential application of 
donor-acceptor complexes for all laser protection devices. 
List of Tables 
 ix
List of Tables 
 
Table 3.1. Effective NLR and TPA cross-sections measured at wavelength of 780 nm and 
light irradiance of 100 GW/cm2. 
Table 3.2. Enhancement factor in the effective TPA cross-section (2) at 780 nm. 
Table 3.3. Enhancement factor in the effective NLR cross-section (n) at 780 nm. 
 
List of Figures 
 x 
List of Figures 
 
Figure 1.1. Schematic representation of the behavior of an ideal optical limiter. 
 
Figure 1.2. Schematic energy level diagram for MPA process. 
 
Figure 1.3. Schematic energy level diagram for the excited state absorption. 
 
Figure 1.4. Free-carrier absorption in semiconductor. 
 
Figure 1.5. (a) Typical optical configuration for a self-defocusing limiter. (b) Typical 
optical configuration for a self-focusing limiter. 
 
Figure 2.1. Z-scan experimental setup in which the energy ratio D2/D1 is recorded as a 
function of the sample position z. 
 
Figure 2.2. Experimental setup for optical limiting (or fluence-dependent transmittance) 
and nonlinear scattering measurements. (P1 and P2 are polarizers) 
 
Figure 2.3. Schematic diagram of femtosecond transient absorption spectroscopy. M - 
mirror, BS - beam splitter, C - chopper, L - lens, S - sample, MC - 
monochromator and D - detector. 
 
Figure 3.1. (a) Low-resolution and (b) high-resolution TEM images of Ag-Fe3O4 
nanocomposites. (c) Schematic of an Ag-Fe3O4 nanocomposite with capping 
layer. 
 
Figure 3.2. Absorption spectra of Ag-Fe3O4 nanocomposites and Fe3O4 nanocubes in 
toluene solution. 
 
Figure 3.3. Open-aperture Z-scans of (a) Fe3O4 nanocubes and (b) Fe3O4-Ag (7 nm) 
nanocomposites in toluene with the theoretical fittings (solid lines). The 
insets show the measured effective TPA coefficients as a function of the 
input light irradiance. The linear transmittance of all the solutions were 
adjusted to 60%. 
 
Figure 3.4. Closed-aperture Z-scans of (a) Fe3O4 nanocubes and (b) Fe3O4-Ag (7 nm) 
nanocomposites in toluene with the theoretical fittings (solid lines). The 
insets show the measured effective NLR index as a function of the input 
light irradiance. The linear transmittance of all the solutions were adjusted to 
60%. 
 
Figure 3.5. Comparison of normalized absorption efficiency factor (Qabs, black lines) and 
List of Figures 
 xi 
normalized linear absorption coefficient (α, red lines) of Ag particles with 
diameter (a) 3.5 nm, (b) 7 nm, and (c) 10 nm. 
 
Figure 3.6.  (a)  3effE  for Ag particle diameter of 3.5 nm, 7 nm, and 10 nm in toluene 
is plotted as a function of distance from the particle surface at wavelength of 
780 nm. (b)  3effE on the surface of Ag particle (diameter of 7 nm) in 
toluene is plotted as a function of wavelength. 
 
Figure 3.7. Experimental and theoretical enhancement factors of TPA and NLR cross 
sections at 780 nm wavelength. 
 
Figure 4.1. TEM image of Ag(7 nm)-Fe3O4 nanocomposites. 
 
Figure 4.2. (a) Absorption spectra of Ag(7 nm)-Fe3O4 nanocomposites and Fe3O4 
nanocubes in toluene. The difference between the two spectra is shown by 
the line. The inset displays the size distributions of Fe3O4 nanocubes and Ag 
nanoparticles. (b) Powder XRD pattern of Ag-Fe3O4 nanocomposites. 
 
Figure 4.3. Fluence-dependent transmittance measured for Ag(7 nm)-Fe3O4 NCs, Ag(10 
nm)-Fe3O4 NCs and Fe3O4 nanocubes in toluene solution and carbon 
nanotubes in water using 7 ns laser pulses at 532 nm. The linear transmittance 
of all the solutions were adjusted to 60%. 
 
Figure 4.4. Nonlinear scattering signals measured for the Ag(7 nm)-Fe3O4 NCs, Fe3O4 
nanocubes in toluene solution and carbon nanotubes in water using 532 nm, 




Figure 4.5. Nonlinear scattering signals measured for the Ag(7 nm)-Fe3O4 NCs in toluene 








Figure 4.6. Polar plot of the scattered signal measured for Ag(7 nm)-Fe3O4 NCs and 
Fe3O4 nanocubes in toluene solution and carbon nanotubes in water using 
532 nm, 7 ns laser pulses at various angles with an input energy of 900 J. 
 
Figure 4.7. Polar plot of the scattered signal measured for Ag(7 nm)-Fe3O4 NCs in 
toluene solution using 532 nm, 7 ns laser pulses at various angles with four 
different input energies. 
 
Figure 4.8. Optical Limiting response of Fe3O4 nanocubes, Ag(7nm)-Fe3O4 NCs and 
Ag(10nm)-Fe3O4 NCs in toluene measured using 330 fs laser pulses at 780 
nm. The linear transmittance of all the solutions were adjusted to 60%. 
 
List of Figures 
 xii 
Figure 5.1. XPS survey scan of rGO–PhBr. The presence of the Br 3p peak proves the 
successful grafting of the bromophenyl group. 
 
Figure 5.2. (a) AFM images of GO. (b) Section analysis shows the sheet height of 0.9 nm. 
(c) Digital image of (i) Polymer 1, (ii) G-Polymer 1, (iii) rGO, (iv) 
G-Polymer 2, and (v) Polymer 2 dispersions in chloroform. 
 
Figure 5.3. UV-visible spectra of (a) G-Polymer 1, Polymer 1 in toluene and rGO-PhBr 
in DMF, (b) G-Polymer 2, Polymer 2 in toluene and rGO-PhBr in DMF. 
 
Figure 5.4. Fluorescence spectra of (a) G-Polymer 1 and Polymer 1 excited at 450 nm (b) 
G-Polymer 2 and Polymer 2 excited at 532 nm in toluene. The fluorescence 
is effectively quenched by graphene. 
 
Figure 5.5. FTIR spectra of GO, rGO-PhBr, G-Polymer 1 and G-Polymer 2. 
 
Figure 5.6. (a) TEM image of G-Polymer. (b) Magnified view of the rectangle part of the 
single sheet in (a). Confocal fluorescence images of polymer coated 
graphene sheets: (c) G-Polymer 1 and (d) G-Polymer 2. 
 
Figure 5.7. AFM images of Polymer 2 coated graphene, grown from micrometer-sized 
rGO on SiO2 substrate. (a) Magnified image after a growth time of 20 h, top 
view showing polymer grains on rGO. (b) image of G-Polymer 2 on rGO 
after 20h growth time, indicating clear difference between G-Polymer 2 and 
SiO2, (c) Standard image of G-polymer 2 after growth time of 60 h. 
G-polymer 2 thickness increases to 6.7 nm after 60 h, which has been shown 
in left part of (c). 
 
Figure 5.8. Fluence-dependent transmittance of (a) CNT, rGO in water and Polymer 1 
and G-Polymer 1 in toluene; and (b) CNT, rGO in water and Polymer 2 and 
G-Polymer 2 in toluene measured using 7 ns pulses at 532 nm. The linear 
transmittances of all the solutions were adjusted to 65%. 
 
Figure 5.9. Nonlinear scattering signals (at an angle of 10
O
 to the propagation axis of the 
transmitted laser beam) of (a) CNT, rGO in water and Polymer 1 and 
G-Polymer 1 in toluene; and (b) CNT, rGO in water and Polymer 2 and 
G-Polymer 2 in toluene measured using 7 ns pulses at 532 nm. The linear 
transmittances of all the solutions were adjusted to 65%. 
 
Figure 6.1. (a) Chemical structure of TMPyP (P
+
). (b) Chemical structure of T790 (P
-
). (c) 
Schematic representation of Au+P
+





Figure 6.2. (Left) TEM image of Au NPs and (Right) AFM image of GO. 
5 nm 
List of Figures 
 xiii 
 

















 complexes in water solution. 
 

















 complexes in water solution. 
 













 complexes in water solution. The instrument response function (IRF) 
is shown above as unlabelled violet color trace. 
 






in water solution 







at a probe wavelength of 465 nm. 
 

















 complexes in water solution. 
The linear transmittance of all the solutions were adjusted to 65%. 
 

















 complexes in water solution at an angle of 20
O
. Inset 
of (a) and (b) are the polar plots of the scattering signal as a function of the 
angular position of the detector. The linear transmittance of all the solutions 
were adjusted to 65%. 
List of Publications 
 xiv 
List of Publications 
 
International Journals:  
1. "Synthesis and Superior Optical-Limiting Properties of Fluorene- 
Thiophene-Benzothiadazole Polymer-Functionalized Graphene Sheets" Anupam 
Midya,
  
Venkatesh Mamidala, Jia-Xiang Yang, Priscilla Kai Lian Ang, Zhi-kuan 
Chen, Wei Ji, and Kian Ping Loh, Small, 6, 2292–2300 (2010). 
2. "Enhanced Nonlinear Optical Responses in Donor-Acceptor Ionic Complexes via 
Photo Induced Energy Transfer" Venkatesh Mamidala, Lakshminarayana Polavarapu, 
Janardhan Balapanuru, Kian Ping Loh, Qing-Hua Xu, and Wei Ji, Optics Express 18, 
25928-25935 (2010). 
3. "Surface Plasmon Enhanced Third-Order Nonlinear Optical Effects in Ag-Fe3O4 
Nanocomposites" Venkatesh Mamidala, Guichuan Xing, and Wei Ji, The Journal of 
Physical Chemistry C 114, 22466-22471 (2010). 
4. "Large Femtosecond Two-Photon Absorption Cross-Sections of Fullerosome Vesicle 
Nanostructures Derived from Highly Photoresponsive Amphiphilic C60-Light 
Harvesting Fluorene Dyad" Min Wang, Venkatram Nalla, Seaho Jeon, Venkatesh 
Mamidala, Wei Ji, Loon-Seng Tan, Thomas Cooper, and Long Y. Chiang, The 
Journal of Physical Chemistry C 115 18552–18559 (2011). 
5. "Huge Enhancement of Optical Nonlinearity in Coupled Metal Nanoparticles Induced 
By Conjugated Polymers" Lakshminarayana Polavarapu, Venkatesh Mamidala, 
Zhenping Guan, Wei Ji, and Qing-Hua Xu, Applied Physics Letters 100, 023106 
(2012). 
List of Publications 
 xv 
6. "One Pot Synthesis of CdS Semiconductor Nanorods-Benzothiaziazole Copolymer 
Nanocomposites and Their Nonlinear Optical Reponses" Pradipta Sankar Maiti, 
Venkatesh Mamidala, Venkartam Nalla, Wei Ji, and Suresh Valiyaveettil (Manuscript 
in Preparation). 
7. "Nonlinear Absorption and Photoconducting Properties of Anisotropic CdS-AginS2 
Nanocrystals Grown in Conducting Polymers" Venkatesh Mamidala, Pradipta 
Sankar Maiti, Venkartam Nalla, Suresh Valiyaveettil, and Wei Ji (Manuscript in 
Preparation). 
Conference Presentations:  
1. "Surface Plasmon Enhanced Non-linear Optical Properties of 
Ag-Fe3O4 Nanocomposites" Venkatesh Mamidala, Jiang Jiang, Jacky Y. Ying, and 
Wei Ji, 4
th
 MRS-S Conference on Advanced Materials, IMRE, Singapore, March, 
17-19, 2010. 
2. "Superior Optical Limiting Properties of Fluorene-Thiophene-Benzothiadazole 
Polymer Functionalized Graphene Sheets" Venkatesh Mamidala, Anupam Midya
 
, 
Jia-Xiang Yang, Priscilla Kai Lian Ang, Zhi-kuan Che, Kian Ping Loh, and Wei Ji, 
Physics Graduate Congress-2010, Department of Physics, National University of 
Singapore. 
3. "Enhanced Optical Limiting in Donor-Acceptor Ionic Complexes via Photoinduced 





 Janardhan Balapanuru,  Kian Ping Loh,
 
 Qing Hua Xu,  and Wei Ji, 
AsiaNANO 2010, Tokyo, Japan, November 1- 3, 2010. 
List of Publications 
 xvi 
4. "High Two-Photon Absorption and Light-Transmittance Reduction Efficiency of 
Self-Assembled Oligo (ethylene glycolated)-diphenylaminofluorene-C60 Bilayer 
Fullerosome Nanovesicles" Venkatesh Mamidala, Venkatram Nalla, Min Wang, 
Seaho Jeon,
 
Sammaiah Thota, Loon-Seng Tan, Thomas Cooper, Long Y. 
Chiang, and Wei Ji, The 6
th
 Mathematics and Physical Sciences Graduate Congress 
2010 (6
th
 MPSGC 2010), University of Malaya, Malaysia, December 13-15, 2010. 
5. "Surface Plasmon Enhanced Nonlinear Optical Properties in Ag-Fe3O4 
Nanocomposites" Venkatesh Mamidala, and Wei Ji, ICMAT 2011, S13-3, Pg-193, 
SUNTEC, Singapore, 26 June-1 July (2011). (Oral Presentation) 
6. "Nonlinear Optical Properties of Anisotropic CdS-AgInS2 Nanocrystals Grown in 
Conducting Polymers” Venkatesh Mamidala, Pradipta Sankar Maiti, Venkartam 
Nalla, Suresh Valiyaveettil, and Wei Ji, Physics Graduate Congress-2011, Department 
of Physics, National University of Singapore. 






1.1 Introduction to Optical Limiting 
The invention of lasers since the 1960s [1.1], has heralded an era of their usage not 
only as powerful instruments for material assessment, but also commonly used in our 
daily life, in such areas as surgery and telecom applications. Protection from lasers is 
consequently not a trivial matter, but is one of great concerns from a public safety and 
technological perspective. The development of optical limiting materials provides an 
important solution to the dangers of lasers, as well as various other forms of laser-based 
optical instruments being used. 
Optical limiting is a nonlinear optical process in which the transmittance of a material 
decreases with increased incident light intensity or fluence. A successful optical limiter 
should strongly attenuate intense, potentially dangerous laser beams, while exhibiting 
high transmittance for low intensity light. It has been demonstrated that optical limiting 
can be used for pulse shaping and smoothing and pulse compression [1.2]. However, the 
main potential application of these materials is sensor and eye protection. All photonic 
sensors, including the human eye, have a threshold intensity above which they can be 
damaged. By using the appropriate materials as optical limiters, one can extend the 
dynamical range of the sensors, allowing them to function optimally at higher input 
intensities. 






























Figure 1.1. Schematic representation of the behavior of an ideal optical limiter. 
 
In an ideal optical limiter, the transmittance changes abruptly at some critical input 
intensity or threshold and therefore exhibits an inverse dependence on the intensity; the 
output is thus clamped at a certain value (Figure 1.1). If this value is below the minimum 
that can damage the particular equipment, the optical limiter becomes an efficient safety 
device. The limiting threshold (I1/2) of the material is defined as the input 
intensity/fluence at which the transmittance reduces to half of the linear transmittance 
[1.3]. Clamping threshold of the material is defined as the input fluence at which the 
transmittance starts clamping. An optical limiter can clamp the output fluence over a wide 
range of input fluence, but may breakdown after certain value, most probably due to the 
material damage, and exhibit increased transmittance again. The threshold up to which 
the material can provide effective limiting is called the damage threshold and the ratio of 
damage threshold to the limiting threshold is called the dynamic range of the optical 
limiter. 
For application purposes a good optical limiter has to satisfy some of the following 
Chapter 1                                                      Introduction 
 3
requirements: (i) low limiting threshold and high optical damage threshold and stability, 
leading to a large dynamic range, (ii) sensitive broadband response to long and short 
pulses, (iii) fast response time, and (iv) high linear transmittance, optical clarity, and 
robustness (i.e. resistance to damage/degradation with time due to humidity, temperature 
etc) [1.4]. Towards the realization of the above-said good optical limiters, one may 
explore nonlinear optical mechanisms discussed as follows. 
1.2 Mechanisms for Optical Limiting  
Optical limiting can be achieved by means of various nonlinear optical mechanisms. 
The most common ones are excited state absorption (ESA), two-photon absorption (TPA), 
free-carrier absorption (FCA), nonlinear refraction (NLR) and nonlinear scattering (NLS). 
Coupling two or more of these mechanisms has also achieved enhancement in optical 
limiting, like self-defocusing (induced by NLR) in conjunction with TPA [1.5], TPA of 
one molecule with ESA in another molecule [1.6]. A detailed description has been given 
about these mechanisms in the following sections. 
1.2.1 Nonlinear Absorption 
Nonlinear absorbing (NLA) materials are often employed, in order to create an 
optical limiter that can reduce the transmission of high intensity light while maintaining a 
high transmission for low intensity light. NLA properties is a sub category of so-called 
nonlinear optical (NLO) properties of materials which can find a larger variety of 
applications such as optical data storage [1.7], microdevice fabrication [1.8], laser 
scanning microscopy [1.9], and optical switching [1.10], in addition to optical limiting 
[1.11-1.13]. A material exhibiting NLA properties behaves much like a linear material at 
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low intensities, thus transmitting a large amount of ambient visible light. However, as the 
incoming light intensity increases, the nonlinear absorption (NLA) becomes effective and 
the material absorbs more and more light and hence the transmitted intensity no longer be 
proportional to the incoming light intensity. There are several mechanisms that give rise 
to NLA including TPA, ESA and FCA.  
1.2.1.1 Multi-Photon Absorption (MPA) 
Multi-photon absorption process occurs through the simultaneous absorption of two 
or more photons via virtual states in a medium. In the case of MPA, the attenuation of the 
incident light is described by 
n
n Idz
dI α−=          (1.1) 















1 α  
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⎤⎢⎣



























































= , and I00 is the peak intensity (at z = 0), z0= πω02/λ is 




















the Rayleigh range, ω0 is the beam waist at the focal point (z = 0), dz is small slice of the 
sample, Iin is the input intensity and Iout is the output intensity of the sample. 
It is clearly seen from Eq. 1.2, that the transmission intensity decreases as the 
incident intensity increases, resulting in an optical limiting phenomenon. The ability of 
MPA-induced optical limiting is strongly dependent on the MPA coefficient and the 
incident intensity, as well as the propagation length L. The MPA coefficient is related to 
the MPA cross section, a function of the excitation wavelength. The optical limiting of 
MPA materials is more effective for shorter incident pulses, since the intensity of shorter 







Figure 1.2. Schematic energy level diagram for MPA process. 
 
Many metal and semiconductor nanomaterials possess MPA-induced optical limiting 
effects. MPA can be coupled with other nonlinear mechanisms, e.g., NLS and NLR, to 
improve the optical limiting performance of the whole system. It should be cautioned that 
a Z-scan or an optical limiting experiment alone cannot distinguish MPA from other 
nonlinear processes. One has to utilize other experimental techniques to identify a MPA 
process. Once the occurrence of a MPA process is confirmed, the photophysical 
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properties of the material, e.g., linear absorption coefficient, etc, are used to determine the 
MPA cross section [1.14] by fitting the Z-scan or optical limiting data using appropriate 
theoretical models [1.15]. 
1.2.1.2 Excited State Absorption (ESA) 
Excited state absorption becomes very important at high incident light intensities, due 
to the significant population of the excited states. In systems such as polyatomic 
molecules and semiconductors, there is a high density of states near the state involved in 
the excitation. The excited electron can rapidly make a transition to one of these states 
before it decays back to the ground state. There are also a number of higher-lying excited 
states that may be radiatively coupled to these intermediate excited states, and for which 
the energy differences are in near-resonance with the incident photon energy. Therefore, 
before the electron completely relaxes to the ground state, it may experience absorption 
that promotes it to a higher-lying excited state. This process is called excited state 
absorption (ESA). It is observable when the incident intensity is sufficient to deplete the 
ground state significantly. 
The ESA mechanism for nonlinear absorption is usually understood by a five-level 
model that refers to five distinct electronic states [1.16, 1.17], as shown in Figure 1.3. 
Within each electronic state, there exists a manifold of very dense vibrational-rotational 
states. After an electron is promoted from one electronic state to another, it generally 
makes transition to one of these vibrational-rotational states. However, with very little 
energy transfer, collisions rapidly thermalize the electron, which drops to the lowest-lying 
vibrational-rotational level within the electronic manifold of states. From this state, it can 























Figure 1.3. Schematic energy level diagram for the excited state absorption. 
 
The photodynamic process in a five-level system is as follows. Absorption of an 
incident photon promotes an electron to the first excited singlet state (S1). From this state, 
one of three things may happen. The electron can relax to the ground state by a radiative 
or nonradiative transition, with rate constant kf. The second possibility is for the electron 
to undergo a spin-flip transition to a triplet state (T1). This process is called intersystem 
crossing and has a rate constant kisc. The third possibility is that the molecule may absorb 
another photon, which promotes the electron to a higher-lying singlet state (S2), from 
which it then relaxes back to the first excited singlet state. For an electron in the lowest 
triplet state, two possibilities exist. It may relax by another spin-flip transition to the 
ground state, leading to phosphorescence, with rate constant kph. The other possibility is 
that the molecule absorbs another photon, promoting the electron to a higher-lying triplet 
state (T2), from which the electron then relaxes back to the lowest triplet state (T1). 
Chapter 1                                                      Introduction 
 8
Relaxation rates from higher-lying singlet (S2) and triplet states (T2) are generally 
very large [1.18, 1.19]. It is assumed that these rates are so large that the population 
densities of these states are very small and can be ignored. With this assumption, rate 
equations can be written for the population densities of the three important states, S0 and 
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where N0, N1 and N2 are the population densities of the S0, S1, and T1 states, I is the light 
intensity as a function of r, t and z, I00 is peak intensity at focus of the Gaussian beam, z0 
is the Rayleigh range, ω0 is the beam waist,  τp is the input pulse width and σ0, σ1, and σ2 
are the absorption cross-sections for the ground, first excited singlet, and first excited 
triplet states, respectively. The differential equations can be solved numerically using 
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Runge-Kutta fourth order method. The differential equations are first decoupled and then 
integrated over time, length, and along the radial direction. 
1.2.1.3 Free-Carrier Absorption (FCA) 
In semiconductors, charge carriers (electrons or holes) can be generated in the 
conduction band by one-photon or two-photon excitation. With sufficiently high 
intensities, these free carriers can be excited to higher lying states in the conduction (or 
valence) band by absorbing additional photons. This process is called free-carrier 
absorption (FCA) [1.20]. It should be pointed out that there are four frequently 
encountered processes in a FCA medium - linear (or one-photon) absorption, TPA, 
one-photon induced FCA and two-photon induced FCA. For the simplest case, the 





∂        (1.7) 
where α0 is the linear absorption coefficient and σFCA is the FCA cross section. With the 








=       (1.8) 
where T0 is the linear transmission. When the peak incident fluence F0 increases, the total 
transmission T decreases, resulting in an optical limiting effect. For the most complicated 
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∂       (1.10) 
where α2 is the two-photon absorption coefficient. 
A range of semiconductor nanoparticles, metal nanocomposites and quantum dots 
exhibit FCA-induced optical limiting effects. The FCA-induced NLO response is 
independent of the incident pulse duration, provided that the duration is shorter than the 
diffusion and recombination processes of free carriers. FCA is also insensitive to the 
particle size and geometry. It can also be apparent in both solid-state films and 
suspensions, covering broad temporal and wavelength ranges. In many nanomaterials, 










Figure 1.4. Free-carrier absorption in semiconductor. 
 
1.2.2 Nonlinear Refraction 
Nonlinear refraction in a material occurs due to a change in its refractive index 
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induced by a high external electric field. Nonlinear refraction causes phase distortion of 
the incident laser beam, as opposed to amplitude distortion due to nonlinear absorption. 
The refractive index of the material can be written as 
Innnnn 200 +=Δ+=           (1.11) 
where n0 is the linear refractive index, n2 is the nonlinear refractive index and I is the 
intensity of the light. The sign of Δn could be positive (self-focusing) or negative 
(self-defocusing). Several physical mechanisms contribute to the nonlinear index of 
refraction, which include optical Kerr effect, excited state or free-carrier generation, 
reorientation, electrostrictive, and thermal nonlinear refraction as well as cascaded 
second-order nonlinearities. 
1.2.2.1 Self-focusing/defocusing of Electronic Nature 
The origin of self-focussing/defocussing lies in the optical Kerr effect, a non-linear 
process which arises in media exposed to intense optical field, and which produces a 
variation of the refractive index. Variation in nonlinear refraction results from distortion 
of the electron cloud about an atom or molecule by the optical field. Assuming that both 
bound and free carriers cause the change in the index of refraction, we get the relation 
[1.21]: 
NIn rσγ +=Δ            (1.12) 
where γ (m2/W) is the nonlinear index that is due to bound electrons and σr is the 
change in the index of refraction per unit photo-excited charge-carrier density N. γ is 
related to the real part of the third-order susceptibility, χ(3), the speed of light, c, the 
refractive index in the absence of free carriers, n0, and the free-space permittivity, ε0, in 
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χεγ cn=        (1.13) 
 Δn in Eq. (1.12) related to the nonlinear refraction due to bound electrons (γI) is 
important at relatively low irradiance levels, whereas the free-carrier refraction (σrN) 
dominates at high irradiance levels. Since the carrier nonlinearity (σrN in Eq. (1.12)) is 
proportional to a temporal integral of I2 [1.16], this is an effective fifth-order nonlinearity. 
In the case of two-photon absorption, this fifth-order nonlinearity is a sequential Im χ(3) 
process (i.e., two-photon absorption) followed by an Re χ(1) process (i.e., a linear index 






Figure 1.5. (a) Typical optical configuration for a self-defocusing limiter. (b) Typical 
optical configuration for a self-focusing limiter. 
 
Self-focusing/defocusing results from wavefront distortion imposed on the laser 
beam by laser itself while passing through a nonlinear medium. Consider a laser beam 
with a Gaussian transverse profile, propagating into the nonlinear medium. The central 
part of the beam having a higher intensity experiences a larger refractive index (positive 
nonlinearity) than the edge and, therefore, travels at a slower velocity than the edge. 
Consequently, as the beam travels in the medium, the wavefront of the beam gets 
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progressively more distorted. Since the optical ray propagation is in the direction 
perpendicular to the wavefront, the beam appears to focus by itself. Self-defocusing is 
opposite to self-focusing. In this case, the central part of the beam having a higher 
intensity experiences a smaller refractive index (negative nonlinearity) than the edge and, 
therefore, travels at a faster velocity than the edge. Thus the beam appears to be 
defocused. 
The output passes through an aperture before impinging on the detector. At low input 
levels, the nonlinear medium has little effect on the incident beam, and the aperture 
blocks an insignificant portion of the beam, thus allowing for a low insertion loss for the 
device. When nonlinear refraction occurs; the non-uniform beam profile within the 
medium results in the generation of a spatially non-uniform refractive index. This results 
in either a negative or positive lens, depending on the sign of the refractive nonlinearity, 
causing the incident beam to either defocus or focus. A problem with self-focusing is, 
however, that it may cause damage to the nonlinear material due to the high energy 
density in the focal spot. Therefore, self-defocusing should for this reason be preferable. 
1.2.2.2 Self-focusing/defocusing of Thermal Nature 
Thermal processes can also lead to large nonlinear optical effects. The origin of 
thermal nonlinear optical effects is that some fraction of the incident laser power is 
absorbed in passing through an optical material. The temperature of the illuminated 
portion of the material consequently increases, which results in change in density leading 
to a change in the refractive index of the material. For gases, the refractive index 
invariably decreases with increasing temperature, but for condensed matter the refractive 
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index can either increase or decrease with changes in temperature, depending on details of 
the internal structure of the material. The time scale for changes in the temperature of the 
material can be quite long (of the order of seconds), and consequently thermal effects 
often lead to strongly time-dependent nonlinear optical phenomena. 
Thermally induced index changes are important in optical limiters. In liquids, where 
the thermal expansion is large, the index decreases with temperature, giving a 
self-defocusing effect. In solids, thermal expansion is much smaller, but other effects, 
such as temperature dependence of the absorption edge, can cause thermally induced 
index changes. These usually result in an increase in index with temperature. Thermal 
defocusing in liquids can be used to produce limiting, and some of the first optical 
limiters were based on this effect [1.22], but it usually degrades the performance of 
limiters based on NLA.  
The change in index due to a temperature rise ΔT can be expressed by  
T
dT
dnn Δ=Δ        (1.14) 
where dn/dT is called the thermooptic coefficient. 
Optical limiters based on self focusing and defocusing operate by refracting light 
away from the sensor as opposed to simply absorbing the incident radiation. Compared to 
strictly absorbing devices, these limiters can, potentially yield a larger dynamic range 
before damage to the limiter itself. Figure 1.5 (a) shows the typical device configuration 
for a self-defocusing limiter, while Figure 1.5 (b) shows a similar device based on 
self-focusing. 
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1.2.3 Nonlinear Scattering 
Like nonlinear absorption and refraction, scattering is also capable of strongly 
attenuating a transmitted beam. An effective scattering process can disperse the highly 
intense beam into a larger spatial dimension and hence reduce the intensity of the direct 
incident beam. Nonlinear scattering is possible by laser-induced creation of new scatter 
centers or by laser-induced changes in the refractive index difference between existing 
scatter centers and their surroundings. 
In recent years, optical limiting due to NLS has been found to play an important 
role in conjunction with the other nonlinear mechanisms. Optical limiters based on light 
scattering normally are more common in liquid solvent as the process can often be 
reversible or the scattering centers can be easily replaced by diffusion when optical 
damage occurs. This is less possible in solids as the scattering centers often suffer 
irreversible decomposition processes and cannot be replaced readily. According to Mie 
scattering theory [1.14], the nanoscale optical limiting materials alone cannot scatter a 
light beam effectively. The effective scattering arises from the formation of scattering 
centers with size of the order of the wavelength of the incident laser beam.  
Three main mechanisms have been proposed in the literature to explain the optical 
limiting due to NLS for a variety of materials. One possible mechanism was proposed by 
Joudrier et al. in their investigation of a colloidal suspension of silica particles. They 
proposed a photoinduced refractive index mismatch between the two components of the 
suspensions at high fluence [1.23, 1.24]. The large refractive index mismatch was found 
to originate from the interface between the two constituents and was dependent on the 
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polarity of the surrounding medium. A larger optical limiting was observed with a higher 
solvent polarity, and this was suggested to be related to the nature and strength of the 
bonds between the silica particles and the surrounding molecules. 
The second mechanism proposed is the formation of solvent bubbles. In this case, the 
optical limiting material absorbs the incident photon energy and transfers the generated 
thermal energy to the surrounding solvents making the solvents to evaporate forming 
bubbles. Since the refractive index discontinuity on the vapour-solvent interface is large, 
the vapour bubbles can scatter light effectively [1.14]. This process is more effective for 
nanosecond excitations, because the evaporation time is of the order of nanosecond. 
Another origin of scattering centers is from the sublimation or evaporation of optical 
limiting materials. These materials are rapidly heated by strong linear absorption, 
vaporized and ionized, leading to the formation of rapidly expanding microplasmas that 
strongly scatter the laser. Compared with the long formation time of solvent bubbles, the 
sublimation of these materials can be completed in the sub-nanosecond range, resulting in 
a faster optical limiting response [1.25], which however needs much higher incident 
fluence than solvent evaporation. 
The advantage of NLS is that the materials exhibit a broadband limiting response 
from the visible to the near infrared, provided that the size of scattering centers is of the 
order of the wavelength of incident light. Several general factors on the scattering induced 
optical limiting have been identified. The structure of optical limiting materials, e.g., 
average size [1.26], geometry [1.27], and the degree of aggregation [1.28], has a strong 
influence on the optical limiting properties of the whole material system, since it can 
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affect the formation process of scattering centers. Moreover, the thermodynamical 
properties of solvents, e.g., boiling point, surface tension, viscosity and thermal 
conductivity, correlate closely with the formation of scattering centers, and hence the 
limiting performance. 
1.3 Materials for Optical Limiting 
A wide variety of materials have been studied for optical limiting (OL) applications 
based on different mechanisms. Over the last few decades, many scientists have sought 
OL materials that strongly attenuate intense, potentially dangerous laser beams, while 
readily transmitting low-intensity ambient light. Particular attention is focused on optical 
limiters for pulsed lasers in the visible and near infrared range, in view of their 
importance for eye protection [1.29, 1.30]. Colloidal suspensions provide OL in the UV 
to near IR range, using scattering mechanisms [1.31-1.35]. Several dye molecules are 
useful in the visible band because of nonlinear absorption and refraction. The most 
extensively studied systems are phthalocyanines [1.36, 1.37], porphyrins [1.38], 
fullerenes and their derivatives [1.39-1.41] in which long-lived triplet excited state can be 
produced conveniently. 
The rapid development of nanoscience and nanotechnology has brought new 
opportunities into the synthesis of OL materials, as well as the research and design of 
practical optical limiters. Over the last few years, semiconductor nanoparticles and 
carbon-based nanomaterials [1.42-1.46], as well as metal nanoparticles [1.47-1.49] have 
emerged as promising candidates for optical limiting in the nanosecond (ns), picosecond 
(ps) and femtosecond (fs) regime. In this section I will give a detailed review of different 
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nanomaterials, which are used for OL properties. 
1.3.1 Semiconductor Nanomaterials 
Semiconductor materials exhibit a wide range of optical nonlinearities that have been 
exploited for applications in optical limiting. Due to their broad absorption bands, they 
are capable of producing NLA over a broad wavelength range where the linear absorption 
is low. Moreover, the carriers excited by NLA produce very strong excited state 
absorption and negative nonlinear refraction. 
Several research groups investigated the OL properties of gallium arsenide, zinc 
selenide, zinc telluride and cadmium telluride semiconductors at 1.06 μm [1.50, 1.51]. 
The optical limiting responses in these semiconductors were attributed to a two-photon 
absorption mechanism. Krauss and Wise measured the nonlinear absorption and 
refraction of cadmium sulphide, zinc sulphide, and zinc selenide using fs laser pulses 
[1.52]. The use of fs pulses in the investigation confirmed that the observed OL responses 
are due to optical nonlinearities arising from two-photon absorption. 
Si-based nanomaterials are another important class of OL materials. Unlike the direct 
bandgap semiconductor optical limiters, silicon type optical limiters are essentially 
fluence dependent but pulse-width independent, specifically they are effective for limiting 
laser pulses ranging from picoseconds to a hundred nanoseconds. Due to the resonant 
nature of the free carrier generation, semiconductor optical limiters represented by silicon 
are only effective near the bandgap. The OL responses of silica nanoparticle suspensions 
in a toluene/hexane mixture was investigated by Joudrier et al and NLS phenomena 
originating from large photoinduced refractive index mismatch particles and the solvent 
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interfaces is attributed to the observed OL response [1.24]. 
Cadmium-involved semiconducting nanomaterials have been investigated by many 
researchers for laser protection. OL properties of CdS nanoparticles, CdSe nanoparticles 
and CdO nanowires were studied by different research groups at different wavelengths. 
These nanomaterials exhibited significant OL effects for both nanosecond and 
femtosecond pulse excitations and NLA and NLS were the main mechanisms for the 
observed OL response [1.44, 1.53, 1.54].  
1.3.2 Metal Nanomaterials 
Metal nanoparticles, such as silver (Ag) and gold (Au), have attracted a lot of interest 
due to their potential applications in biology, optoelectronics, and photonics [1.55-1.58]. 
Metal nanoparticles are easy to synthesize, have good chemical and thermal stability, and 
present many interesting linear and nonlinear optical properties [1.59]. They are also 
highly soluble and stable in aqueous solutions making them attractive targets for design 
of optical limiting materials. The linear and nonlinear optical properties of gold and silver 
nanoparticles are strongly dependent on their sizes, shapes, and the surrounding dielectric 
environment of the nanoparticles and have been found to exhibit strong OL properties 
[1.26, 1.60-1.63].  
The NLO properties of different metal nanoparticles in solution (i.e., Au, Ag, Pt and 
Cu) were studied by Ganeev et al using both Z-scan and OL techniques [1.28]. 
Significant OL was demonstrated in these colloidal solutions for ns and ps laser pulses at 
1064 nm. For ps laser pulses, the OL response was due to both Kerr-induced 
self-defocusing and TPA. In contrast, OL effect at ns radiation was dominated by reverse 
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saturable absorption (RSA) and thermal self-defocusing. Furthermore, West et al reported 
that the OL effect was largely dependent on the shape of Au nanoparticles and the 
structures included in this study were gold nanorods and nanospheres [1.27]. The limiting 
response of nanorods was observed to be much larger than that of nanospheres. These 
results indicated that NLS is the major mechanism for optical limiting in Au nanoparticle 
suspensions. NLS is explained by formation of two different processes of scattering 
centers. The fast scattering response mechanism is due to the vaporization of metal 
nanostructures, while the slow response mechanism is from the energy transfer from the 
metals to the surrounding solvent and to the formation of solvent bubbles.  
Pan et al prepared several metal (Cu, Co, Ni, Pd, Pt, and Ag) nanowires suspensions 
in water, which exhibited broadband OL responses at both 532 and 1064 nm [1.63]. The 
limiting thresholds of different nanowires at 532 nm followed the relationship Pd < Ni < 
Pt < Ag < Cu < Co, while the thresholds at 1064 nm followed Pd = Ni = Pt < Ag < Cu, 
Co. The main mechanism for OL effect of these nanowires regarded as NLS, resulted 
from the photoionization of the metal atoms and the subsequent expansion of the 
microplasmas in nanowire suspensions 
Metal core-shell nanoparticles have also been found to show attractive OL properties. 
Philip and his coworkers studied the ps OL properties of ligand-protected Ag and Au 
nanoparticles using the Z-scan method at 532 nm [1.64]. The authors found that saturable 
absorption (SA) took place at lower input fluence, while an OL response, which is due to 
FCA happened at higher input fluence. 
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1.3.3 Carbon-based Nanomaterials 
Carbon-based materials make an important contribution to OL applications. 
Fullerenes, carbon nanotubes (CNTs) and graphene all exhibit remarkable OL properties 
on intense laser beams. The advantage of carbon-based nanomaterials manifests itself in 
tailorable chemical properties by combining functional materials, e.g., organic molecules, 
polymers and nanoparticles [1.65, 1.66]. 
The discovery of OL properties in fullerene materials represents one of the most 
important developments in the search for new optical limiters. Tutt and Kost first reported 
that C60 in toluene solution is an excellent optical limiter toward a ns pulsed Nd:YAG 
laser at 532 nm [1.67]. It was shown that C60 has better OL performance than most of the 
known optical limiting materials at the time [1.67]. Since the discovery, there have been 
extensive investigations of the OL properties of fullerenes and their derivations by doping 
into solutions or solid matrices [1.67-1.69]. OL properties of fullerenes have been 
explained in terms of the five-level reverse saturable mechanism. In addition to C60, other 
members of the fullerene family, including C70, C76, C78, and C84 in room temperature 
solutions, have also been investigated for their OL effects toward nanosecond laser pulses 
[1.70]. 
In the past decade, for superior OL materials CNTs have also been extensively 
studied by many research groups. Most importantly, the one-dimensional nanostructure of 
CNTs acts as a favorable host for functional materials, forming versatile OL 
nanocomposites. Sun et al. and Chen et al. reported for the first time the OL response of 
CNT suspensions [1.42, 1.71]. The broadband OL response was demonstrated using ns 
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laser pulses and NLS was proposed as the primary mechanism for OL. Subsequently, 
pure and functionalized CNTs have attracted much attention as a new branch of OL 
nanomaterials [1.65, 1.66]. The mechanism leading to the OL effect in pristine CNTs has 
been studied by many research groups [1.72-1.75]. Thermally induced NLS is generally 
accepted as the principal mechanism for OL. The host solvents have a significant 
contribution to the limiting performance and CNTs possess better OL performance to an 
incident beam with shorter wavelength, longer pulse duration [1.73, 1.76], as well as 
lower repetition rate [1.35], which can be easily explained by the thermally induced NLS 
mechanism. 
Wang et al. recently demonstrated that the exfoliated graphene dispersions exhibit 
broadband OL for ns pulses at 532 and 1064 nm [1.46]. NLS, originating from the 
thermally induced solvent microbubbles and microplasmas, is accountable for this OL 
performance. The surface tension of the solvents has a strong influence on the OL 
performance of the graphene dispersions. Later, Feng et al. studied the NLO and OL 
properties of a variety of graphene derivatives, namely, graphene nanosheets, graphene 
oxide (GO) nanosheets, graphene nanoribbons and GO nanoribbons [1.77]. Broadband 
NLO responses at 532 and 1064 nm were demonstrated in these graphene derivatives. 
Whereas the four derivatives exhibit different OL behavior, the NLS dominates the NLO 
response at 1064 nm while both NLS and NLA contribute at 532 nm. Unlike GO, the 
reduced graphene oxide possess better OL performance than the corresponding GO due to 
the increased conjugation and crystallinity. Similar phenomenon was observed by Zhao et 
al., they found that the limiting effect of graphene nanosheets is enhanced than that of the 
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GO nanosheets due to the extended π conjugation in graphene [1.78]. Besides the solvent 
dependent limiting properties studied, broadband limiting effect was realized as well 
using graphene nanosheets, which exhibit promising limiting response at different 
wavelengths. 
As with CNTs, the demonstration of graphene for OL, offers graphene and related 
materials, as a new class of nanomaterial for photonics and optoelectronics [1.79]. 
Likewise, unique 2D nanomaterial could be a promising host for an optical limiter as well 
as for other photonic devices. Benefiting from the rich oxygen-containing groups, such as 
carboxyl and carbonyl groups on the edge and hydroxyl and epoxy groups on the basal 
plane, GO sheets can be decorated readily with a range of functional organic and 
inorganic materials by covalent or noncovalent combination, forming diverse 
nanocomposites with certain function [1.80]. 
1.3.4 Nanocomposite Materials 
Nanocomposite materials provide a new method to improve the processability and 
stability of materials with interesting OL properties. CdS-containing semiconducting 
nanomaterials have been investigated by many researchers for laser protection. A series 
of Ag2S-coated CdS nanocomposites with different molar ratios were synthesized by Han 
et al. using a modified inverse microemulsion technique [1.81]. Both FCA and NLS are 
responsible for the observed limiting effects. The limiting enhancement was attributed to 
the presence of the Ag2S shell, resulting in the improved FCA [1.82]. 
On the other hand, in the last few years interacting metal nanoparticles have been at 
the center of growing research efforts. Unique and different far and local field features are 
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shown by these structures. Colloidal Ag or Au nanoparticles embedded in different films 
attracted considerable attention for OL application. Strong OL effects were observed for 
these films which could be attributed to the self-defocusing and TPA process [1.48, 1.83]. 
Subsequently, covalently bonded metal nanoparticle hybrid materials were studied by 
different research groups for better OL properties. The limiting mechanism of these 
hybrid materials was suggested to be the combination of NLA and NLS [1.84-1.87].  
Chin et al. employed polycrystalline Au and Ag nanoparticles as coatings on the 
outside of multi-walled CNTs and broadband OL effects for ns pulses at 532 nm and 
1064 nm were demonstrated in these functionalized nanotube composites [1.88]. 
Enhanced limiting performance for 532 nm ns pulses was observed from the composites 
when compared with pristine nanotubes. Enhancement in OL effect of these nanotube 
composites is attributed to NLS which is enhanced by surface plasmon absorption of Au 
and Ag coatings at 532 nm. However less is known about metal-semiconductor 
nanocomposites. Therefore, it would be interesting to study the OL behavior of these 
novel metal nanocomposites and their underlying mechanisms. 
Merging the NLO characteristics of nonlinear absorption compounds and CNTs has 
resulted in the development of nonlinear absorber-CNT nanocomposites by covalent or 
noncovalent combination [1.89-1.92]. The combined nanocomposite exhibited an 
improvement in the OL performance compared to the two individual materials. 
Afterwards, Blau and co-workers reported the synthesis and characteristics of covalently 
functionalized single-walled CNTs with metallophthalocyanines and also demonstrated 
the superior OL effect from a noncovalently linked tetraphenylporphyrin-CNT composite 
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[1.89, 1.92]. The photoinduced electron transfer effects from covalently or noncovalently 
linked nonlinear absorber-CNT composites have been widely studied, which may help 
improve the NLO response of the whole composite system [1.93, 1.94].  
 As another carbon allotropic form, graphene has been a very recent rising star in 
material science, which is atomically thin and demonstrated remarkable electronic and 
mechanical properties [1.95, 1.96]. Significant research efforts have been focused on the 
applications of graphene and its derivatives due to their promising use as an excellent 
optical limiter for eye and sensor protection from high power laser pulses. Xu et al. 
synthesized the first graphene hybrid by functionalizing with a metal-free 
porphyrin-TPP-NH2. The soluble graphene nanohybrid showed better OL performance 
compared with C60, GO and the mixture of the TPP-NH2 and GO [1.45]. Effective 
combination of the different OL mechanisms, say, NLA, TPA, NLS and energy transfer 
in the graphene-porphyrin composites results in the improved OL response for ns pulses 
at 532 nm. In these hybrid systems, the presence of NLS, arising from the graphene 
moiety, can largely increase the damage threshold of the nanocomposites [1.97]. The 
similar effect resulting in improved OL was confirmed in oligothiophene-graphene and 
fullerene-graphene nanocomposite systems as well [1.98-1.100]. Aiming at solid-state 
NLO devices, Zhao et al. investigated the OL effect of graphene and GO nanosheets in a 
polymer gel matrix polyvinyl alcohol (PVA) [1.78]. The graphene-PVA composites 
exhibit a transparent and solid-like structure and possess significant OL effect for ns 
pulses at 532 nm. 
Up to now, chemical functionalization of graphene has been focusing more on 
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improving its solubility/processability in both water and organic solvents using different 
soluble groups [1.101, 1.102]. But solution processable multifunctional graphene 
nanocomposite materials, which possess the potential to take advantages of both the 
superior OL properties of graphene and the functionalizing material, have been largely 
unexplored. 
1.4 Objectives and Scope of the Thesis 
The purpose of this thesis was to investigate the optical limiting (OL) performance of 
novel nanomaterials or nanocomposites. More specifically, the objectives were: 
i) To investigate a nanocomposite system in which a metal nanoparticle is attached 
onto a nanocrystal and to gain an understanding of how the presence of metal 
particle enhances the nonlinear optical (NLO) and OL properties of the 
nanocomposite. 
ii) To investigate the OL properties in novel graphene oxide nanocomposites and to 
explore an enhancement mechanism via donor-acceptor arrangement. 
The studies reported in this thesis are restricted to the OL properties of two systems: 
Ag-Fe3O4 nanocomposites and graphene oxide nanocomposites, which were used as two 
model systems, respectively. The experimental techniques involved are well-established 
Z-scan, OL characterization and pump-probe techniques. The Z-scan method was used, 
because it is not only a simple method but also an accurate technique for characterizing 
the quantities of the nonlinear absorption (NLA) coefficient as well as the nonlinear 
refractive (NLR) index of a material. The experimental setup for OL characterization was 
the same as that of the Z-scan technique except for the sample fixed at the focus of the 
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laser beam. On the other hand, the pump-probe (or transient absorption) measurement that 
consists of two laser beams of a weak probe and a strong pump, respectively, is a 
well-known technique used to observe photoexcited dynamics in many materials. The 
detailed principle of Z-scan, OL characterization and pump-probe techniques is explained 
in Chapter 2. The experimental findings with these techniques are given in next four 
chapters. The layout of this thesis is as follows.  
1.5 Layout of the Thesis 
Chapter 2 presents the details of our experimental setups for Z-scan, OL 
characterization and pump-probe techniques. The principles of the three techniques are 
described briefly. 
In Chapter 3, we describe the investigation of the third-order NLO properties of 
Ag-Fe3O4 nanocomposites. It first reports the experimental measurements of two-photon 
absorption (TPA) cross section and nonlinear refractive (NLR) cross section of a Fe3O4 
nanocube with and without the attachment of an Ag nanoparticle as conducted by using 
the Z-scan technique. Different sizes of Ag nanoparticles were used to study the 
size-dependent enhancement in the NLO properties of these nanocomposites. Finally, it 
also shows a comparison with the theoretical enhancement factor, calculated by discrete 
dipole approximation (DDA) modeling. 
In Chapter 4, we detail our OL experiments on Ag-Fe3O4 nanocomposites, together 
with scattering measurements. It presents the experimentally measured OL performance 
in both nanosecond and femtosecond time regime. This is followed by the nonlinear 
scattering measurements of these nanocomposites. Different sizes of Ag nanoparticles 
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were employed in the experimental study for the size-dependent OL properties of these 
nanocomposites. 
Chapter 5 reports our experimental data on the OL properties of 
fluorene-thiophene-benzothiadazole polymer functionalized graphene sheets. It first 
presents the linear optical properties, like UV-vis spectra and fluorescence spectra, of 
these graphene-polymer nanocomposites. This is followed by their OL characterization. 
The analysis on underlying mechanisms is given in the last. 
Chapter 6 demonstrates our proposal for enhanced OL responses in donor-acceptor 
ionic complexes. It first presents the excited-state interactions which were probed by 
steady-state and time-resolved fluorescence spectroscopy. Subsequently, it shows the 
results of the femtosecond time-resolved transient absorption spectroscopy, carried out 
for attaining a better understanding of the fluorescence quenching process in 
donor-acceptor ionic complexes. Finally, it analyses the enhanced OL behavior of these 
materials, along with the underlying mechanisms. 
This dissertation ends with the grand conclusions and suggestions for future research 
in Chapter 7. 
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2.1 Z-scan Technique  
Many techniques have been developed, which can be used to measure the 
nonlinearities of materials, such as degenerate four-wave mixing [2.1], nearly degenerate 
three-wave mixing [2.2], ellipse rotation [2.3], and beam-distortion measurements [2.4] as 
well as the Z-scan technique [2.5-2.10]. The first three methods, interferometry and wave 
mixing, are potentially sensitive techniques but require a complex experimental apparatus. 
Beam-distortion measurements, on the other hand, require precise beam scans followed 
by detailed wave-propagation analysis. The Z-scan technique was developed by 
Sheik-Bahae et al. in 1989 [2.7, 2.8]. It is a simple yet highly sensitive single beam 
experimental method for the accurate measurement of the nonlinear refractive index (n2) 
and nonlinear absorption coefficient (α2). The Z-scan experimental setup is shown in 
Figure 2.1. In this technique, the transmittance of a nonlinear medium is measured with 
and without aperture located in the far field as a function of the sample position (z). 
Notably, many modifications based on this method have been developed, such as 
reflection, [2.11, 2.12] top-hat beam, [2.13, 2.14] eclipsing, [2.15, 2.16] two-beam, 
[2.17-2.19] and time-resolved [2.20, 2.21] Z-scan techniques. 
Two types of Z-scan are usually conducted: (A) the open aperture Z-scan: where all 
the transmitted light is collected, which provides information about the nonlinear 
absorption of the sample; and (B) the closed aperture Z-scan: where only the light 
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transmitted through an aperture placed in front of the detector (D2) is detected, which 
provides information about the nonlinear phase variation, resulting from self-focusing or 






Figure 2.1. Z-scan experimental setup in which the energy ratio D2/D1 is recorded as a 
function of the sample position z. 
 
2.2 Z-scan Data Analysis 
In a third-order nonlinear optical material, the total refractive index and total 
absorption coefficient can be expressed by [2.22, 2.23] 
Innn 20 +=           (2.1) 
I20 ααα +=          (2.2) 
where I is the excitation laser intensity within the sample, n0 is the linear refractive index, 
α0 is the linear absorption coefficient, and n2 (                 )   and α2 (              ) 
are the nonlinear refraction index and nonlinear absorption coefficient respectively.  
Assuming a TEM00 Gaussian beam propagating along the +z direction and the 
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where I00 denotes the on-axis peak irradiance of the Gaussian beam at the focus, r is the 
radial coordinate, t is the time, τp is the pulse duration. ω0, ω,  λ and z0 are the beam waist, 
the minimum beam waist, the laser wavelength and the diffraction length of the laser 
beam, respectively. 
We consider a Gaussian laser beam propagating along the z-axis within a nonlinear 
medium with a linear absorption coefficient α0, a two-photon absorption coefficient α2 
and nonlinear refraction coefficient n2. Under the thin-sample approximation (the sample 
thickness L is smaller than the Rayleigh range of the laser beam (L < z0)) and the slowly 
varying envelope approximation, the equations describing the propagation of the electric 










dI αα −−=         (2.9) 
where z' is the propagation distance inside the sample. To extract the nonlinear 
coefficients as expressed in Eqs. (2.8) and (2.9), two kinds of Z-scans have to be carried 
out. 
A) Open-aperture Z-scan 
Open-aperture Z-scan refers to the case when the aperture prior to detector D2 in 
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Figure 2.1 is removed. This is equivalent to placing detector D2 at the exit surface of the 
sample with the assumption that all the transmitted energy is collected. Integrating Eq. 













      (2.10) 
where 







−−=         (2.12) 
The normalized energy transmittance can be obtained by integrating Eq. (2.10) over 































































































































πω α      (2.14) 
















































)1()( 02 α  
[ ] dxezq
zq










    (2.16) 
For |q(z, 0, 0)| < 1, this transmittance can be expressed in terms of the peak irradiance 















zqeRzT α     (2.17) 
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     (2.18) 
Eq. (2.18) quantitatively describes the normalized energy transmittance as a function 
of the sample position, z. Note that all the parameters used in Eq. (2.18) are measurable 
except α2. Therefore, α2 can be extracted by fitting this equation to experimental results. 
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B) Closed-aperture Z-scan 
With an aperture inserted prior to the detector D2 in Figure 2.1, the phase variation 
induces the change of energy transmittance through the aperture. Solving Eqs. (2.8) and 
(2.9) together, we obtain Δφ (z, r, t), the nonlinear phase change as follows: 
)],,(1ln[),,(
2
2 trzqkntrz +=Δ αφ       (2.19) 
By combining the above equation with Eq. (2.10), the electric field at the exit surface of 








Δ=       (2.20) 
At the aperture, the electric field is determined by the Huygens-Fresnel propagation 
integral as follows: 
Ea (z, r, t) = 2πiλ(d − z) e
iπr2
λ (d−z) r 'E(z, r ', t)
0








⎦⎥dr '    (2.21) 
where d is the distance between the aperture and the focal plane. J0(x) is Bessel’s function 
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where ra is the radius of the aperture. The normalized transmittance is given by: 
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Under the approximation of small refractive and absorption changes, the normalized 
energy transmittance in closed-aperture Z-scans can be written as [2.24-2.26]:  













−+≅ α   (2.24) 
where x=z/z0, S is the linear transmittance of the aperture, and ωa is the beam waist at the 
aperture position. Since α2 has been obtained by the open-aperture Z-scan, the value of n2 
is readily derived from numerically fitting of Eq. (2.24) to experimental data. 
After two kinds of Z-scans are performed, a simple division of the curves 
(closed/open) gives a curve that closely approximates what would be obtained by a 
closed-aperture Z-scan on a material with pure n2 nonlinearity. A useful feature of the 
obtained Z-scan trace is the Z distance between the peak and valley, ΔZp-v. For a 
closed-aperture Z-scan on a third-order nonlinear material, ΔZp-v is derived from Eq. 
(2.24):  
071.1 zZ vp ≅Δ −         (2.25) 
This formula is quite helpful in estimating the diffraction length z0 and hence the 
minimum beam waist ω0. Another useful formula derived from Eq. (2.24) is to determine 
the nonlinear refraction index n2 through the transmittance difference, ΔTp-v, between the 
peak and the valley in a standard closed-aperture Z-scan:  
φΔ−≅Δ − 25.0)1(2
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The above analysis was taken from Ref [2.9]. 
The third-order nonlinear optical properties were characterized with femtosecond 
open- and closed-aperture Z-scan measurements. Laser pulses of 330 fs duration, 780 nm 
wavelength and 1-kHz repetition rate were provided by a Ti:Sapphire regenerative 
amplifier (Titan, Quantronix). After a spatial filter, the spatial profiles of the pulses were 
of near Gaussian distribution. The pulses were also divided into two parts, one part used 
as the reference, and the other part was focused onto a 1-mm-thick quartz cuvette that 
contained the sample solution with a focus lens (f = 10 cm) in the Z-scans. The beam 
radius was measured to be 30±2 μm. The incident and transmitted laser pulses were 
measured simultaneously with two energy detectors (Laser Probe RKP 465). In an 
open-aperture (OA) configuration, the total transmitted pulse energy was measured in the 
far-field as a function of the sample position, while only central part of the transmitted 
pulse energy was recorded for a closed-aperture (CA) Z-scan. 
2.3 Optical Limiting Characterization Technique 
 The optical limiting (OL) properties of these novel nanocomposites at 532 nm with 
pulse durations of 7 ns were measured by fluence-dependent transmittance measurements. 
The experimental setup is shown in Figure 2.2. The linearly polarized nanosecond laser 
pulses were generated from a Q-switched, frequency-doubled Nd:YAG laser (Spectra 
Physics DCR3). The spatial distribution of the pulses was nearly Gaussian after passing 
through a spatial filter. The laser pulse was divided by a beam splitter into two parts. The 
reflected part was taken as the reference representing the incident light energy and the 
transmitted beam was focused onto the sample by a focusing mirror (f = 25 cm). Both 
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incident and transmitted pulse energies were measured simultaneously by two energy 
detectors (Laser Precision RjP-735). The nonlinear scattering measurements were 
















Figure 2.2. Experimental setup for optical limiting (or fluence-dependent transmittance) 
and nonlinear scattering measurements. (P1 and P2 are polarizers) 
 
2.4 Femtosecond Transient Absorption Spectroscopy (Pump-Probe Technique) 
The transient absorption measurements were carried out with a standard pump-probe 
setup by using a femtosecond Ti: sapphire laser system (Spectra Physics), a typical 
example of which is shown in Figure 2.3. The laser pulses were generated from a 
mode-locked Ti:sapphire oscillator seeded regenerative amplifier with a pulse width and 
energy of 100 fs and 2 mJ at 800 nm and a repetition rate of 1 kHz. The 800 nm laser 
beam was split into two parts. The first part of the beam was passed through a BBO 
crystal to generate the 400 nm pump beam by frequency-doubling and second part of the 
beam was used to generate white light continuum in a 1-mm-thick sapphire plate. The 
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white-light continuum was split into two beams, a probe and a reference beam. The probe 
beam and reference signal were detected by photodiodes (Thorlabs DET36A/M) that are 
connected to lock-in amplifiers (Stanford Research Systems SR830 DSP) and a desk-top 
personal computer. The pump beam is focused onto the sample with a beam size of 300 
μm and overlaps with the smaller-diameter (100 μm) probe beam. The pump beam was 
modulated by an optical chopper at a frequency of 500 Hz. The probe and reference 
signal were used to determine T, the transmission of the probe pulse in the presence of the 
pump pulse, and T0, the transmission of the probe pulse in absence of the pump pulse. In a 
pump-probe scan, the value of the normalized pump-induced absorption change ln(T/T0) 
was determined as a function of the delay τ between the pump and probe pulses. The 
delay between the pump and probe pulses was varied by a computer-controlled translation 
stage. The transient absorption spectra at different delay times was measured by passing 
the probe beam through a monochromator before detected by a photodiode (Thorlabs 
















































Figure 2.3. Schematic diagram of femtosecond transient absorption spectroscopy. M - 
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Surface Plasmon Enhanced Third-Order 




Nanomaterials with stronger nonlinear optical properties have been the focus of 
research interest for many years because they are good candidates for a great number of 
photonic applications such as optical data storage [3.1], micro fabrication [3.2], optical 
limiting [3.3] and biophotonics applications [3.4]. There have been many approaches to 
enhance their nonlinear optical properties, in particular, third-order nonlinear optical 
processes like two-photon absorption and optical Kerr nonlinearity. One of them is to 
apply a local electric field to an nanocrystal [3.5]. In this approach, a metallic 
nanoparticle, especially gold (Au) and silver (Ag) particle of nanometers in diameter, 
generates a giant local electric field at and near its surface through its surface plasmon 
resonance (SPR). If such a metallic particle is attached to another nanocrystal, as shown 
in Figure 3.1, the great optical polarization associated with the SPR should significantly 
alter the nanocrystal’s linear optical responses as well as nonlinear optical responses [3.6, 
3.7]. Theoretical calculations of electric-field intensity enhancement through thin metal 
films, predict a maximum enhancement of approximately 350-fold in Ag and 50-fold in 
Au [3.8]. Similar effects can also be induced by metallic particles. For instance, silver and 
gold spherical particles possess a SPR with maxima at 410 and 530 nm, respectively 
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[3.8]. The peak position of SPR depends not only on the metal particle itself but also on 
its size and shape [3.6, 3.9]. In addition, it is also influenced by both dielectric constant of 
surrounding medium [3.10, 3.11] and inter-particle coupling interactions [3.12]. 
The enhancement in the nonlinear optical responses of composite systems in which 
nanocrystals are attached with metallic particles have been demonstrated, such as 
surface-enhanced Raman scattering (SERS) and second harmonic generation (SHG), due 
in part to large local field effects [3.13, 3.14]. Dielectric films embedded with 
nanometer-sized metallic particles have been studied for years because they possess large 
optical nonlinearity [3.15, 3.16], which is essential for the applications in optical 
switching [3.17] and optical limiting [3.18].  
The greatest enhancement in the nonlinear optical properties of nanocrystal is 
predictably attainable at the peak position of SPR. At this position, however, the linear (or 
background) light absorption also reaches maximum, which is extremely undesirable in 
the above-said applications. To avoid this situation, the SPR peak position should be far 
away from the light frequency used; at least double the light frequency where the linear 
absorption under non-resonant condition is practically acceptable yet a considerable 
enhancement manifests itself in both nonlinear absorption and refraction of nanocrystal. 
To realize the above concept, we focus our attention on a composite system in which an 
iron oxide nanocrystal is attached with a noble metallic particle. 
Iron oxide nanoparticles have recently received great attention due to its variety of 
applications such as environmental and energy applications [3.19], material 
nanocomposites [3.20], drug delivery [3.21], magnetic resonance imaging [3.22], and 
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various other biomedical applications [3.21, 3.23]. Iron oxide magnetic nanoparticles tend 
to be either paramagnetic or superparamagnetic, with particle sizes of approximately 20 
nm being classified as the latter. And they are known for giant two-photon absorption 
[3.24, 3.25] and other nonlinear optical phenomena [3.26, 3.27]. It has also been reported 
that the magneto-optical responses of iron oxide nanoparticles can be enhanced when 
each of them is in physical contact with a silver particle [3.28] or coated with a gold layer 
[3.29]. 
In this chapter, we report the effects of attached silver particles on the nonlinear 
optical properties of Fe3O4 nanocubes. In particular, the silver-size dependence of both 
two-photon absorption (TPA) cross-section and nonlinear refractive (NLR) cross-section 
of Fe3O4 nanocubes are measured experimentally by using femtosecond Z-scan technique 
and compared with the theoretical calculated enhancement factor through discrete dipole 
approximation modeling. 
3.2 Discrete Dipole Approximation Model 
The discrete dipole approximation (DDA) model is a method for solving 
Maxwell’s equations for particles of arbitrary size and shape and thus computing their 
absorption and scattering cross-sections. More details about the DDA method, its 
historical development, implementation, and capabilities can be found in Draine et al 
[3.30] and references therein. The DDA method was originally developed by Purcell and 
Pennypacker [3.31] and advanced by Draine, Goodman, and Flatau [3.32]. Under the 
DDA, a solid particle of arbitrary shape is replaced by an array of N point dipoles, with 
the spacing between the dipoles small compared to the wavelength. Each dipole has an 
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oscillating polarization in response to both an incident plane wave and the electric fields 
[3.31, 3.33] due to all other dipoles in the array; the self-consistent solution for the dipole 
polarizations can be obtained as the solution to a set of coupled linear equations. 
The replacement of the continuum target by an array of N point dipoles requires 
specification of both the geometry (location rj of the dipoles j = 1 to N) and the dipole 
polarizability j (related to the dielectric constant). As there is no restriction to where the 
polarizable points are located, an object or multiple objects of arbitrary shape and 
composition can be taken into consideration in the DDA model. To approximate the 
boundary geometry better, one might need to consider some number of closely packed, 
weaker dipoles in the regions near the target boundaries.  
The evaluation of dipole polarizabilities is facilitated by the lattice dispersion 































where â and ê are the unit vectors defining the incident direction and polarization state, 
m2 = εj (m is the refractive index), d is the interdipole spacing or a side of a cubical 
subvolume of a point dipole,  k = /c is the wavevector and jCM is the 
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Here εj is the dielectric function of the target material at location rj. 
 Each dipole has polarization jjj EP   where Ej is the electric field at rj that is due 
to the incident wave Einc, j  E0 exp(ik.rj  it) plus the contribution of each of the other 
N-1 dipoles 




kjkjincj PAEE ,              (3.3) 
where –AjkPk is the electric field at rj that is due to dipole Pk at location rk, including 
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where k = /c, rjk ≡ |rj – rk|, jkkjjk rrrr /)(ˆ  , and 13 is the 3×3 identity matrix. Defining 
1 jjjA  reduces the scattering problem to finding the polarizations Pj that satisfy a 
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Once Eq. (3.5) has been solved for the unknown polarization Pj, the extinction and 
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The scattering cross section Csca = Cext - Cabs. In the far field, the scattered electric 
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There are two criteria for validity of the DDA: (1) |m|kd < 1 (so that the lattice 
spacing d is small compared with the wavelength of a plane wave in the target material), 
and (2) d must be small enough (N must be large enough) to describe the target shape 
satisfactorily. Define the effective radius aeff of a target of volume V = Nd3 by aeff ≡ 
(3V/4π)1/3. The first criterion can then be written as  
33 )()3/4( effkamN                (3.9) 
Thus targets with large values of |m| or scattering problems with large values of 
kaeff require that large numbers of dipoles be used to represent the targets. Unfortunately 
the second criterion has not yet been formulated precisely. 
DDSCAT is the most popular code available for the implementation of the above 
DDA method. The code has been developed by astrophysicist B. T. Draine (Princeton 
University) and P. J. Flatau (University of California, San Diego) and is freely available 
via Internet, along with a comprehensive user guide. 
3.3 Synthesis 
The nanocomposites (NCs) that we studied were synthesized by our collaborators 
Dr. Jiang Jiang and Prof. Jackie Y. Ying at A-Star Institute of Bioengineering and 
Nanotechnology, Singapore. The Fe3O4 nanocubes were synthesized by thermal 
decomposition of iron oleate complex following the published procedures [3.34-3.36]. 
The Ag-Fe3O4 NCs were prepared by seeded growth using pre-synthesized Fe3O4 
nanocubes as seeds [3.37]. 
 
 
Chapter 3                               Surface Plasmon Enhanced Third-Order 
 62
      10 nm 
a b c 
3.4 Results 
Structure and size of the NCs were investigated with high-resolution transmission 
electron microscopy (HRTEM). As shown in Figures 3.1(a) and 3.1(b), Ag nanoparticles 
and Fe3O4 nanocubes formed are of nearly mono-dispersion with size dispersions less 
than 20%. The average length of Fe3O4 nanocubes and the average diameter of Ag 
particles are 13 nm and 7 nm, respectively. In Figure 3.1, 7 nm Ag particle attached Fe3O4 
nanocubes are displayed as example. The NCs are capped with a hydrophobic layer 
(composed of oleic acid and oleylamine), as illustrated by Figure 3.1(c). 
 
 
Figure 3.1. (a) Low-resolution and (b) high-resolution TEM images of Ag-Fe3O4 
nanocomposites. (c) Schematic of an Ag-Fe3O4 nanocomposite with capping layer. 
 
With a UV-visible spectrophotometer (Shimadzu, UV-1700), the one-photon 
absorption spectra of Ag-Fe3O4 NCs and pristine Fe3O4 nanocubes in toluene solution 
were recorded and are shown in Figure 3.2. In the spectral range from 650 nm to 1000 nm, 
the similarity between the spectra suggests that the absorption should be predominated by 
Fe3O4 nanocubes. The difference between the spectra in the range from 300 nm to 650 nm 
is indicative of the presence of Ag particles, increasing with the size of Ag particles. 
 











Figure 3.2. Absorption spectra of Ag-Fe3O4 nanocomposites and Fe3O4 nanocubes in 
toluene solution. 
 
3.4.1 Z-scans with Femtosecond Laser Pulses 
The third-order nonlinear optical properties of Ag-Fe3O4 NCs were characterized 
with femtosecond open- and closed-aperture Z-scan measurements [3.38]. The Z-scan 
technique was employed as it provides separate characterization on the imaginary or real 
part of third-order nonlinear susceptibility, which corresponds to the TPA coefficient or 
NLR index, respectively. In this technique, a nonlinear sample is scanned along a focused 
laser beam and gives rise to a different transmission. In particular, a dip in the 
transmission appears at the focus (as shown in Figure 3.3), signaling the occurrence of 
TPA. If an aperture is placed in front of the detector, a peak-to-valley signal (as shown in 
Figure 3.4) is observed if the sample exhibits a negative NLR index. In order to obtain the 
magnitude of TPA coefficient or NLR index, the Z-scan data has to be fit with the Z-scan 
theory. The details of the Z-scan theory can be found in Chapter 2. In the fitting, the TPA 
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coefficient or NLR index is treated as a free parameter. The best fit to the measured 




















Figure 3.3. Open-aperture Z-scans of (a) Fe3O4 nanocubes and (b) Fe3O4-Ag (7 nm) 
nanocomposites in toluene with the theoretical fittings (solid lines). The insets show the 
measured effective TPA coefficients as a function of the input light irradiance. The linear 
transmittance of all the solutions were adjusted to 60%. 
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Figure 3.4. Closed-aperture Z-scans of (a) Fe3O4 nanocubes and (b) Fe3O4-Ag (7 nm) 
nanocomposites in toluene with the theoretical fittings (solid lines). The insets show the 
measured effective NLR index as a function of the input light irradiance. The linear 
transmittance of all the solutions were adjusted to 60%. 
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The typical OA and CA Z-scan curves are depicted in Figures 3.3 and 3.4, 
respectively. From Figure 3.4, we observe that a peak is followed by a valley in the 
Z-scan curve and it is due to self-defocusing effect, which confirms the negative 
nonlinearity. The best fit between the theory (see Chapter 2 or Ref. [3.39]) and 
experimentally measured Z-scans generate the values for TPA coefficients (2) and NLR 
index (n2). The effective TPA cross-section (2) is derived from N/)( 22    and 
the effective NLR cross-section is derived from n = n2/N, where N is the nanocomposite 
density. The obtained 2 and n values are tabulated in Table 3.1. Note that large 
experimental errors result from both uncertainties in the determination of NC density in 
solution and fluctuation in the measurement of laser pulse energy.  
 
 
Table 3.1. Effective NLR and TPA cross-sections measured at wavelength of 780 nm and 


























*Experiment uncertainty: ±40% and 1 GM = 10-50 cm4s 
From Table 3.1, we can observe that the TPA cross-section of Fe3O4 nanocube is 
comparable to (at least on the same order of magnitude) materials known to exhibit very 
large TPA cross-sections, and several orders of magnitude greater than frequently 
reported nanomaterials [3.40]. With the field enhancement effect caused by 7 nm and 10 
nm Ag particle, Fe3O4 nanocube can offer TPA cross-section of 1 order higher, as 
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compared to pristine Fe3O4 nanocubes. Similarly, the enhancement due to Ag particles 
can also be extended to the nonlinear refraction of Fe3O4 nanocube. Means from the 
Table 3.1, we can also observe the enhancement in nonlinear refraction cross-section due 
to Ag particles.  
3.4.2 Theoretical Analysis 
The theoretical calculations were carried out in order to give insightful information 
on the above experimental finding. The DDA calculation is one of the numerical 
approximation methods that are often used to compute the scattering and absorption of 
metal particles [3.30]. To model the enhancement through the DDA method, we 
employed DDSCAT 7.0, the open FORTRAN source code, which is provided by Draine 
and Flatau [3.41].  
The effect of Ag particle on Fe3O4 nanocube was calculated in the following manner: 
first the enhanced scattered electric field by an Ag particle (outside Ag sphere) was 
simulated, and then the effect of enhanced scattered electric field (Eeff) on the Fe3O4 
nanocube was calculated. In the calculation, the Ag particle was assumed to have no 
influence on the physical properties and electronic band structures of Fe3O4 nanocube, 
except for inserting Eeff to Fe3O4 nanocube for altering its optical nonlinearities. The 
dielectric functions used in our calculations were the experimental values reported by 
Palik et al. [3.42] for the bulk metal εb, modified to include the additional damping 
mechanism in the particles introduced by collision of the conduction electrons with the 
particle surface [3.43]    













        (3.10) 
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In the above equation, εb, ωp and 1/τ are the experimental bulk metal values of the 
dielectric function, plasma angular frequency and damping constant, respectively. The 
quantity 1/τa ≈ vF/r is the surface damping term, vF is the Fermi velocity and r is the 
particle radius. The values of the different parameters used were ωp = 1.46×1016 rad/s, τ = 
2.74×10-13 s, and vF = 1.4×106 m/s. The refractive index of toluene used was 1.485 [3.44]. 
The Ag particle was assumed to be an isotropic and homogeneous sphere. 
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Figure 3.5. Comparison of normalized absorption efficiency factor (Qabs, black lines) and 
normalized linear absorption coefficient (α, red lines) of Ag particles with diameter (a) 
3.5 nm, (b) 7 nm, and (c) 10 nm. 
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Figure 3.5 displays the calculated absorption efficiency factor (Qabs) and the linear 
absorption coefficient () of three sizes of Ag particles using the DDA method. In 
addition, it also shows the comparison with the results calculated from the 
Maxwell-Garnet theory (MGT) [3.45]. As the MGT is a simple yet effective method for 
calculating SPR positions of spherical metal nanoparticles, we use it to double check our 
DDA calculation. The good agreements on the SPR positions simulated by both MGT and 
DDA method validate the DDA calculation reported here. Figure 3.5 also shows that the 
MGT underestimates the field in the off-resonant spectral region, as compared to the 
DDA result. From the Qabs values, we can conclude that Ag particle with larger diameter 
possesses a greater absorption efficiency factor. 
Figure 3.6 shows the enhanced scattered electric field (Eeff) profiles of 
three-different-sized Ag particles in toluene on the XY plane with a light wavelength of 
780 nm. Here X-axis is the propagation direction, Y-axis is the polarization direction of 
applied electric field and Z-axis is perpendicular to both. In Figure 3.6, R is the radial 
distance from the center of the Ag nanoparticle. Because the Fe3O4 nanocube is located 
outside the Ag nanoparticle, it is exposed to its electric field whose strength is determined 
by the size of the Ag nanoparticle. The larger the Ag particle size, the greater the field. 
Therefore, we expect the enhancement on the nonlinear refraction and nonlinear 
absorption would be greater for Fe3O4 nanocube attached with a larger size of Ag particle. 
The magnitude of Eeff at a given point outside Ag particle also depends on the radial 
distance between the point and the centre of Ag particle. In other words, different points 
within the Fe3O4 nanocube experience different enhancements due to the different Eeff. 
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Therefore, an integral over volume was performed to calculate the averaged enhancement 
















Figure 3.6. (a)  3effE  for Ag particle diameter of 3.5 nm, 7 nm, and 10 nm in toluene is 
plotted as a function of distance from the particle surface at wavelength of 780 nm. (b) 
 3effE on the surface of Ag particle (diameter of 7 nm) in toluene is plotted as a function 
of wavelength.  
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In the experiment, each Fe3O4 nanocube had no fixed orientation. Therefore, the 
first step was to average up the Eeff at a radius from the center of Ag particle over 
orientation or angles. After averaging over orientation,  )(3 REeff  is a function of R, 
where R is the radius from the center of Ag particle. Because the symmetry of the |Eeff|2 
contours in the XY plane and XZ plane, only averaging over one plane was numerically 
conducted in the calculation. The effective third-order nonlinear polarization is given 
by 3)3(0 effeff EP  , where
)3(
eff is the effective third-order nonlinear susceptibility. The real 
part and imaginary part of )3(eff gives rise to the NLR and TPA cross-section, 
respectively. 
Figure 3.6 shows  3effE for three different diameters of Ag particle in toluene at a 
given distance away from Ag nanoparticle surface. Clearly,  3effE becomes weaker at a 
distance further away from Ag particle surface. By making use of all the calculated 
 3effE values, the effective TPA cross-section and effective NLR cross-section can be 
obtained over the nanocube by    





















      (3.11) 
where  )(3 REeff  is the average of 
3
effE over orientation at a distance away from the 
center of Ag sphere, Einc refers to the incident electric field, and 2 and n are denoted as 
the TPA and NLR cross-section of a pure Fe3O4 nanocube, respectively. Both 2 and n 
are measured experimentally, as shown in the previous section. The calculated result 
divided by 2 or n results in the enhancement factor in the TPA or NLR cross-section, 
respectively. 
 

















Figure 3.7. Experimental and theoretical enhancement factors of TPA and NLR cross 
sections at 780 nm wavelength. 
 
3.4.3 Discussion 
The nonlinear optical responses of Fe3O4 nanocube are enhanced by the attachment 
of Ag particle, as shown by Tables 3.2 and 3.3. The observed effect qualifies as a 
non-resonant enhancement because the wavelength (780 nm) used is far from the SPR. Its 
doubled frequency is close to the SPR and hence, the second harmonic generation (SHG) 
is expected. By taking into consideration of the randomness of NC orientations (as they 
are in toluene solution) in our experiment, however, the SHG output is too small to be 
detected with the energy detectors (Laser Probe RKP 465). Our theoretically calculated 
enhancement factors are in agreement with the experimental results, within one order of 
magnitude. The larger the size of Ag particle, the greater the enhancement factor is. In 
principle, a greater enhancement is achievable with a larger size of Ag nanoparticle. 
However, the larger the nanoparticle, the more unstable the Fe3O4-Ag dimer becomes, 
which imposes a maximum practically permissible size limit for the Ag nanoparticle. In 
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addition, our DDA simulation predicts a 26-fold enhancement for the attachment of 10 
nm Ag particle as light wavelength approaches the SPR resonance.  
In the calculation, the enhancement is also computed for vacuum as a surrounding 
medium in place of toluene. As demonstrated by Tables 3.2 and 3.3, the surrounding 
medium plays an insignificant role in the enhancement. This can be anticipated because 
the light frequency interested in this experiment is far away from the peak position of 
SPR wherein the difference in the dielectric constant of surrounding medium is of 
paramount importance, as demonstrated by considerable changes in Figure 3.5. 
Furthermore, the bulk part of Fe3O4 nanocube experiences no sizable difference in the 
field between the two different surrounding media. Although there is a difference very 
near to the surface, as displayed by Figure 3.7, it results in an unobservable difference in 
the enhancement. 
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Despite the agreement within the same order of magnitude between experiment and 
theory, the discrepancy still manifests itself in Tables 3.2 and 3.3, in particular for the 
NLR cross-sections. We attribute the discrepancy to the following two reasons. Firstly, 
the calculation excludes the interaction between the metal nanoparticle and Fe3O4 
nanocube, which may alter the electronic band structures of Fe3O4 nanocube. Secondly, 
the theoretical calculation is carried out with an assumption that the nanocubes have the 
same size, which was not the case in the experiment. However, these two factors should 
not be too large to result in significant discrepancy. 
3.5 Conclusion 
In conclusion, we have demonstrated an approach to enhance the third-order 
nonlinear optical properties of a nanocrystal through the attachment of another metallic 
nanoparticle. Both TPA cross-section and NLR cross-section of a Fe3O4 nanocube, with 
and without an Ag particle of diameter in the range from 3 to 10 nanometers are 
characterized by using femtosecond Z-scan technique. As compared to pristine Fe3O4 
nanocube, the TPA and NLR cross-section of Ag-particle-attached Fe3O4 nanocube are 
increased by several folds at light frequencies far below the surface plasmon resonance of 
Ag particle, with precise values depending on the size of Ag particle. These enhanced 
values are in agreement with the theoretically calculated enhancement by discrete dipole 
approximation (DDA) modeling, which reveals that the local electric field induced by the 
metal nanoparticle should play an essential role in the enhancement. 
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Surface Plasmon Enhanced Optical Limiting 
Properties of Ag-Fe3O4 Nanocomposites 
 
4.1 Introduction 
Optical limiters display a decreasing transmittance as a function of laser fluence or 
irradiance. Fast response optical limiting materials with low thresholds can be used for 
protection of eyes and sensitive optical devices from laser-induced damage. A lot of 
efforts have been devoted to develop ideal broadband optical limiting materials based on 
mechanisms such as nonlinear scattering [4.1], multi-photon absorption [4.2] and reverse 
saturable absorption [4.3, 4.4].
 
A desirable optical limiter gives high transparency at low 
light irradiance but opaque under high laser radiation with fast switching between these 
two states. Strong optical limiting properties have been observed in various materials 
such as carbon nanotubes [4.1, 4.5, 4.6], carbon-black suspension [4.7], 
metallophtalocyanines [4.8] and porphyrins [4.9]. Inorganic nanomaterials provide an 
attractive alternative to organic materials for various photonic applications due to their 
stability and simple synthetic methods. 
Effective optical limiting of nanosecond laser pulses is achievable by utilizing excited 
state absorption in fullerenes [4.10] and phthalocyanine complexes [4.11], and nonlinear 
scattering in carbon nanotubes [4.1, 4.12, 13], nanoparticles [4.14, 4.15], and metallic 
nanowires [4.16]. Excited state absorbers have been proven as one of the best limiters but 
perform poorly in terms of response to femtosecond laser pulses and operational spectra 
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(the spectral range in which the optical limiter operated). On the other hand, optical 
limiters based on nonlinear scattering provide broadband limiting because the origin for 
creation of new scattering centers is of thermal nature. Such limiters, however, are known 
to be less effective towards femtosecond laser pulses. 
To regulate intense femtosecond laser pulses, two-photon absorption (TPA) in 
semiconductor quantum dots [4.17] and organic molecules [4.2] has been proposed and 
investigated. Such two-photon absorbers normally lead to poor performance, specifically 
towards nanosecond laser pulses because the intensities of nanosecond laser pulses are 
inadequate to induce significant TPA without damaging the material. There have been 
many attempts to enhance nanosecond optical limiting by blending of any two materials 
among two-photon absorbers, excited state absorbers and nonlinear scatters [4.5, 4.18, 
4.19]. No investigation has been reported yet for enhancing femtosecond limiting 
performance. 
In this chapter, we study the optical liming properties of Ag-Fe3O4 nanocomposites 
(NCs) in both femtosecond and nanosecond regime. We selected Fe3O4 nanocrystals as a 
key component of the nanocomposite since Fe3O4 is well known for its nanosecond and 
femtosecond optical limiting performance [4.20] and large TPA [4.20-4.22]. Furthermore, 
a Fe3O4 nanocube is chosen because TPA theories on CdS nanocrystals conclude that the 
cubic shape should provide the largest TPA cross-section, compared to spherical or 
cylinder shapes for a given same volume [4.23]. In addition, the recent finding shows that 
Fe3O4 nanocrystals are also effective nonlinear scatterers [4.24]. Silver nanoparticles were 
chosen as the metallic component for the nanocomposite due to its ease of synthesis with 
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Fe3O4 nanocrystals [4.25-4.27], high chemical and thermal stability, as well as excellent 
limiting property under nanosecond laser excitation [4.14, 4.15].  
The optical limiting properties of Ag-Fe3O4 NCs were characterized by 
fluence-dependent transmittance measurements using nanosecond and femtosecond laser 
pulses. The Ag-Fe3O4 NCs were found to show strong broadband optical limiting effects 
for nanosecond laser pulses at 532 nm and femtosecond laser pulses at 780 nm. 
4.2 Results and Discussion  
The details of synthesis for Ag-Fe3O4 NCs can be found in Chapter 3. 
High-resolution transmission electron microscopy (TEM) was used to characterize the 
structure of the NCs. The Fe3O4 nanocubes and Ag nanoparticles were nearly 
monodispersed with size dispersion of 20% or less, and with an average length and an 
average diameter of 13 nm and 7 nm, respectively, see Figures 4.1 and 4.2(a). The X-ray 
diffraction (XRD) pattern in Figure 4.2(b) clearly illustrates the crystalline peaks 








Figure 4.1. TEM image of Ag(7 nm)-Fe3O4 nanocomposites. 
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Figure 4.2(a) shows the comparison between the linear absorption spectra of 
Ag-Fe3O4 and Fe3O4 nanocubes in toluene. In the spectral range from 200 to 1000 nm, the 
similarity between the two spectra suggests that the absorption should be predominated 
by the Fe3O4 nanocubes. Shown by the green line in Figure 4.2(a), the slight difference 
between the two spectra reflects the presence of the Ag nanoparticles, which manifest 
themselves by a surface plasmon resonance (SPR) at 410 nm, in agreement with the 















Figure 4.2. (a) Absorption spectra of Ag(7 nm)-Fe3O4 nanocomposites and Fe3O4 
nanocubes in toluene. The difference between the two spectra is shown by the line. The 
inset displays the size distributions of Fe3O4 nanocubes and Ag nanoparticles. (b) Powder 
XRD pattern of Ag-Fe3O4 nanocomposites. 
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4.2.1 Optical Limiting with Nanosecond Laser Pulses  
The nanosecond experiment was conducted with 7 ns, 532 nm and 10-Hz laser pulses, 
which were produced by a Q-switched and frequency-doubled Nd:YAG laser. The details 









Figure 4.3. Fluence-dependent transmittance measured for Ag(7 nm)-Fe3O4 NCs, Ag(10 
nm)-Fe3O4 NCs and Fe3O4 nanocubes in toluene solution and carbon nanotubes in water 
using 7 ns laser pulses at 532 nm. The linear transmittance of all the solutions were 
adjusted to 60%. 
 
Figure 4.3 shows that the limiting performance of the Ag-Fe3O4 NCs solution was 
marginally better than that of the carbon nanotube suspension, which has been known as a 
benchmark optical limiter. The Ag-Fe3O4 NCs outperforms the Fe3O4 nanocube in the 
context of limiting threshold, defined as the incident fluence at which the transmittance 
falls to 50% of the normalized linear transmittance. The limiting threshold values of the 
Ag-Fe3O4 NC solution in 1-cm-thick quartz cell was ~2.7 J/cm
2
 and 2 J/cm
2
, which was 
much better than Fe3O4 solution, indicating that the optical limiting of nanosecond laser 


























































Figure 4.4. Nonlinear scattering signals measured for the Ag(7 nm)-Fe3O4 NCs, Fe3O4 
nanocubes in toluene solution and carbon nanotubes in water using 532 nm, 7 ns laser 













Figure 4.5. Nonlinear scattering signals measured for the Ag(7 nm)-Fe3O4 NCs in toluene 








To elucidate the mechanism responsible for the observed optical limiting responses to 
532 nm, 7 ns laser pulses; we have also performed input fluence dependent scattering 
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experiments on the Ag-Fe3O4 NC, Fe3O4 nanocube solution and CNT suspension using 
532 nm. The scattering signals were monitored at different angles to the propagation axis 
of the transmitted laser beam. Figures 4.4 and 4.5 shows the input laser fluence dependent 
scattering signal collected at an angle of 45 degree to the propagation axis of the 
transmitted laser beam at 532 nm. Figures 4.6 shows the scattering signals at different 
angles (from 0 to 90 degree) with respect to the transmitted laser beam for Ag-Fe3O4 NCs, 
Fe3O4 nanocube solution and CNT suspension with incident energy 900 J. As shown in 
Figure 4.4 and 4.6, similar behavior for the three samples indicates that the OL responses 
originate from nonlinear scattering processes. For both Ag-Fe3O4 NC solution and the 
Fe3O4 samples, the scattering signals were dominated by linear scattering at low input 
fluences, and became deviated from linear behavior as the input fluence increased above 
some threshold. The contribution from nonlinear scattering became the dominant 
contribution at high pump fluences. The scattered signal from the Ag(7 nm)-Fe3O4 
solution is stronger than from the Fe3O4 solution. This unambiguously demonstrates that 



















































































































Figure 4.6. Polar plot of the scattered signal measured for Ag(7 nm)-Fe3O4 NCs and 
Fe3O4 nanocubes in toluene solution and carbon nanotubes in water using 532 nm, 7 ns 











Figure 4.7. Polar plot of the scattered signal measured for Ag(7 nm)-Fe3O4 NCs in 
toluene solution using 532 nm, 7 ns laser pulses at various angles with four different input 
energies. 
 
4.2.2 Optical Limiting with Femtosecond Laser Pulses 
The femtosecond optical limiting experiments was conducted with 330 fs (FWHM), 
780 nm and 1 kHz laser pulses, which were generated by a Ti:Sapphire regenerative 
amplifier (Titan, Quantronix). In the experiment, the laser pulses were focused with a 
focus lens (f = 20 cm) and the beam radius at the focus was measured to be 29±2 m. The 
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incident and transmitted laser pulses were measured with energy detectors (Laser Probe 
RKP 465). The enhanced optical limiting of femtosecond laser pulses is illustrated in 
Figure 4.8. The limiting threshold of Ag(7 nm)-Fe3O4 solution in 1-cm-thick quartz cell 
was ~0.04 J/cm
2










Figure 4.8. Optical limiting response of Fe3O4 nanocubes, Ag(7 nm)-Fe3O4 NCs and 
Ag(10 nm)-Fe3O4 NCs in toluene measured using 330 fs laser pulses at 780 nm. The 
linear transmittance of all the solutions were adjusted to 60%. 
 
The enhancement in limiting threshold at femtosecond time regime is due to 
enhancement in two-photon absorption. The TPA cross-section values were determined 
by conducting open-aperture Z-scans and the results are presented in Chapter 3. As 
mentioned there, the TPA cross section can be enhanced by increasing the Ag particle 
size and Figure 4.8 clearly demonstrates that the greater the Ag particle size is, the lower 
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4.3 Conclusion 
In conclusion, we have demonstrated strong optical limiting properties of Ag-Fe3O4 
NCs for both femtosecond and nanosecond laser pulses. The limiting threshold of the 
Ag-Fe3O4 NCs with 532 nm nanosecond laser pulses is comparable to those of the CNT 
suspension, which is known as a benchmark optical limiter. Due to the presence of Ag 
nanoparticles, nonlinear scattering gives rise to enhanced optical limiting responses to 
532 nm nanosecond laser pulses. As exposed to 780 nm femtosecond laser pulses, the 
NCs exhibit superior limiting performance with a limiting threshold as low as 0.04 J/cm
2
 
for Ag(7 nm)-Fe3O4 solution in 1-cm-thick quartz cell. The limiting threshold can be 
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Optical Limiting Properties of 
Fluorene-Thiophene-Benzothiadazole 
Polymer Functionalized Graphene Sheets 
 
5.1 Introduction 
Graphene is a single-atom-thick sheet of hexagonally arrayed sp
2
-bonded carbon 
atoms. Its unique properties of high charge-carrier mobility [5.1], mechanical stiffness 
[5.2] and broadband optical limiting [5.3, 5.4] have attracted intense attention recently. 
Solution-processed graphene is emerging as an important class of materials because of its 
amenability for bulk-scale processing for the formation of nanoscale hybrids, 
organic-inorganic composites and polymer blends. These new materials are applicable to 
wide fields ranging from optical elements in lasers [5.5], optical sensors [5.6] to solar 
cells [5.7]. The Hummers’ method [5.8] is widely used to produce graphene oxide (GO) 
by chemical exfoliation of graphite. The two-dimensional nanoscale nature of these 
solution dispersible GO sheets allows organic-graphene or inorganic-graphene [5.9] 
hybrids with unique properties to be fabricated by covalent coupling [5.10, 5.11], - 
stacking [5.12-5.14] or electrostatic assembly [5.15]. Such GO-Organic hybrids can 
exhibit multifunctional properties. For example, the hybrids can be dispersed in a wide 
range of solvents as compared to pure graphene. In addition, it can form donor-acceptor 
charge-transfer complexes [5.16], and also exhibit enhanced nonlinear optical (NLO) 
properties [5.17]. 
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Conjugated polymeric systems have emerged as a promising class of NLO 
[5.18-5.20] materials. Structural modifications of these polymers can lead to optimized 
properties for specific applications. Cassano et al [5.21] reported the incorporation of 
alternative electron-acceptor and -donor units in the polymer backbone, where the 
enhancement of the NLO properties was due to increased hyperpolarizability of the 
donor-acceptor systems. NLO effects have potential applications in the protection of 
optical sensors, human eyes, and optical elements from high-intensity laser beams. 
In this chapter, we present superior optical limiting properties of two kinds of 
graphene-polymer hybrids (G-Polymer 1 and G-Polymer 2) that were prepared by 
introducing fluorene, thiophene and benzothiadazole moieties into conjugated polymer as 
donor-spacer-acceptor triad, which is covalently attached to reduced graphene oxide 
(rGO) via the Suzuki polymerization procedure. The optical limiting properties of the 
G-Polymers in solution are better than that of carbon nanotube suspensions, which is 
known as a benchmark optical limiter. Furthermore, the G-Polymers reported here are 
highly soluble and stable in different types of solvents and are easy to prepare films for 
various device applications. 
5.2 Sample Preparation 
5.2.1 Synthesis and Characterization 
The studied G-Polymers were synthesized by our collaborators Dr. Anupam Midya 
and Prof. Loh Kian Ping at Department of Chemistry, National University of Singapore, 
Singapore. Synthetic procedures for fluorene, thiophene and benzothiadazole based 
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copolymers grafted rGO (G-Polymer 1 and G-Polymer 2); Polymer 1 and Polymer 2 are 































Scheme 1. Synthesis of Polymers and G-Polymers a) LDA, trimethylchlorostannane, 
0 °C; b) Pd(PPh3)4, DMF; c) NBS, DMF; d) Pd(PPh3)4, TBAB, K2CO3, 1 or 3, 90 °C, 
DMF, THF; e) (i) NaBH4, 5% aq. Na2CO3, 80 °C, pH = 10, (ii) 4-bromobenzene 
diazonium tetrafluoroborate, 0°C. 
 
Water-soluble GO flakes were synthesized from graphite powder using Hummers’ 
method. The micrometer-sized GO flakes were cut to nanometer sizes by sonication in 
concentrated nitric acid. A stable aqueous dispersion of these nanosized GO sheets can be 
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formed. Chemical reduction of the water-dispersed GO nanoflakes with hydrazine leads 
to their irreversible agglomeration and precipitation due to π-π stacking. To avoid 
aggregation during reduction, a stable aqueous dispersion of rGO nanoplatelets was 
prepared by the reduction of GO with NaBH4 in the presence of an anionic surfactant, 
sodium dodecyl benzene sulfonate. 4-bromophenyl groups were covalently coupled onto 
the rGO sheets to yield intermediate 5 (rGO-PhBr). The radical-initiated coupling 
reaction of the 4-bromophenyl radical with conductive rGO is driven by spontaneous 
electron transfer from rGO to the diazonium salt [5.22]. The presence of a significant 
amount (Br 3p peak intensity relative to C1s found to be 11%) of bromine in the X-ray 
photoelectron spectroscopy (XPS) spectrum of 5 confirms the successful grafting of the 








Figure 5.1. XPS survey scan of rGO-PhBr. The presence of the Br 3p peak proves the 
successful grafting of the bromophenyl group. 
 
The intermediate rGO-PhBr (5) was coupled with 2-(2-(1,3,2-dioxaborinan 
-2-yl)-9,9-dihexyl-9H-fluoren-7-yl) -1,3,2-dioxaborinane (4) by Suzuki coupling. 
Subsequently, in situ Suzuki polymerization reaction allows the copolymer chains to be 
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grafted to the rGO scaffold in the presence of 4 and 4,7-dibromobenzo[c][1,2,5] 
thiadiazole (1), or 4,7-bis(5-bromo-4-hexylthiophen-2-yl)benzo[c][1,2,5] thiadiazole (3) 
together in tetrahydrofuran (THF). Compound 3 was obtained by bromination of 
intermediate 2. 2 was obtained by Stille coupling procedure from 1 and 
(4-hexylthiophen-2-yl)trimethylstannane; the latter was prepared from 3 hexyl thiophene. 
After attachment of fluorene unit to the phenyl bromide of rGO intermediate 5, solubility 
of the product increases to favor further polymerization processes in THF and DMF 
solvents. 
After polymerization, the rGO-polymer composites were purified by the precipitation 
technique of polymer purification from methanol-and-water-mixture solvents with a 10:1 
ratio. Physically adsorbed free polymer molecules and contaminants were removed by 
filtration through 0.22 μm polyterafluoroethylene (PTFE) filter paper for five cycles. The 
precipitated powders can be dispersed in different types of organic solvents. 
For control studies, Polymer 1 and Polymer 2 were synthesized by the Suzuki 
coupling reaction, similar to that of the G-Polymers, by reacting 4 with 1 or 3 respectively. 
UV-visible absorption spectrum was studied by a Shimadzu UV-3101 PC spectrometer at 
room temperature and Fourier transform infrared spectrophotometry (FTIR) was recorded 
on a Varian 3100 FTIR instrument and measured in KBr discs. 





















Figure 5.2. (a) AFM images of GO. (b) Section analysis shows the sheet height of 0.9 nm. 
(c) Digital image of (i) Polymer 1, (ii) G-Polymer 1, (iii) rGO, (iv) G-Polymer 2, and (v) 
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5.3 Results and Discussion 
Figure 5.2 (a) and (b) show an atomic force microscopy (AFM) image and 
line-corrugation profile of the nanosized GO sheets, respectively. The step height of these 

















Figure 5.3. UV-visible spectra of (a) G-Polymer 1, Polymer 1 in toluene and rGO-PhBr 
in DMF, (b) G-Polymer 2, Polymer 2 in toluene and rGO-PhBr in DMF. 
 
The UV-visible spectra of G-Polymers and pure polymers were recorded in toluene 
and that of rGO-PhBr in DMF as it is almost insoluble in toluene. The UV absorption 
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spectra of these G-Polymers are shown in Figure 5.3, where comparisons between the 
pure polymer and G-Polymers can be seen. Polymer 1 is characterized by two absorption 
peaks. The absorption maximum at 318 nm is assigned to the π-π* transition band of 
highly delocalized π electrons and the peak at 443 nm is assigned to intramolecular 
charge transfer (ICT) transition band. Here the ICT transition is occurring between 
fluorene (donor) and benzothadazole (acceptor). In Figure 5.3(b), Polymer 2 has similar 
absorption behavior with maximum absorption peak at 361 nm and ICT band at 507 nm. 
The ICT band has red shifted in Polymer 2 due to incorporation of thiophene unit into 
monomer units which reduced the band gap energy in Polymer 2 (Eg = 2.06 eV). The UV 
absorption spectrum of rGO-PhBr shows broad absorption from 280 nm to 800 nm 
without any absorption maxima, this can be explained by the dominant broadband 
absorption of rGO (or graphene), since the molecule phenyl bromide does not absorb in 
these range. In Figure 3a, the absorption spectrum of G-Polymer 1 can be said to be an 
overlap of the absorption peaks of Polymer 1 (318 and 443 nm) and the broadband 
absorption of graphene. G-Polymer 2 showed a similar spectral behavior which matched 


















Figure 5.4. Fluorescence spectra of (a) G-Polymer 1 and Polymer 1 excited at 450 nm (b) 
G-Polymer 2 and Polymer 2 excited at 532 nm in toluene. The fluorescence is effectively 
quenched by graphene. 
 
The fluorescence spectra of G-Polymers and polymers measured in toluene are 
compared in Figure 5.4. G-Polymer 2 and Polymer 2 were excited at 532 nm wavelength 
whereas Polymer 1 and G-Polymer 1 were excited with 450 nm. It was found that the 
G-Polymers exhibit strong fluorescence quenching. G-Polymer 1 quenches 97% of the 
522 nm emission of Polymer 1 and G-Polymer 2 quenches 83% of 615 nm emission of 
Polymer 2, which indicate the occurrence of photoinduced charge and/or energy transfer 
from polymer to graphene. 
The evidence of successful functionalization following the covalent coupling of 
the polymer on rGO can be obtained from the Fourier-transform infrared (FTIR) spectra, 
as shown in Figure 5.5. The FTIR spectrum of GO is characterized by vibrational bands 
corresponding to the C=O stretching at 1732 cm
-1
, the benzenoid C=C stretching 
vibration at 1618 cm
-1
, the O-H deformation vibration at 1416 cm
-1
, the C-O (hydroxyl) 
Chapter 5                                       Optical Limiting Properties of  
 105 



























stretching at 1242 cm
-1
 and the C-O (epoxy) stretching at 1053 cm
-1
. After partial 
reduction of GO, the intensity of C-O stretching frequency at 1053 cm
-1 
decreases. 
Aromatic in plane C-H bending vibration in rGO-PhBr can be seen at 1149, 1064, 1007 
cm.
-1
 In addition the presence of the phenylbromide groups is verified by peaks at 603, 
831, and 930 cm
-1
, which can be assigned to aromatic out-of-plane C-H bending 
vibrations of the phenylbromide group. In G-Polymer 1 and G-Polymer 2, the vibrational 
frequencies are almost similar. The unique aliphatic asymmetric C-H stretch at 2921 cm
-1
 











Figure 5.5. FTIR spectra of GO, rGO-PhBr, G-Polymer 1 and G-Polymer 2. 
  
The morphology of the G-Polymer flakes was examined by transmission electron 
microscopy (TEM). The TEM images in Figure 5.6 shows that G-Polymer flakes have 
dimensions more than 200 nm and are decorated by polymer nanoparticles (3-5 nm). It 
suggests that the polymerization has proceeded from the initial grafting point on the basal 
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plane. Elemental mapping of these clusters in scanning transmission electron microscopy 
(STEM) found only the elements C, N, O and S, which agrees with the elemental 



























Figure 5.6. (a) TEM image of G-Polymer. (b) Magnified view of the rectangle part of the 
single sheet in (a). Confocal fluorescence images of polymer coated graphene sheets: (c) 
G-Polymer 1 and (d) G-Polymer 2. 
 
AFM analysis of the G-Polymer surface reveals that polymer nanoparticles decorate 
the entire basal plane of rGO. Each diazonium and Suzuki-coupled site acts as a 
nucleation site for polymer growth. Figure 5.7 shows the AFM images of the polymer 
coated graphene. The contrast in roughness between the polymer-decorated rGO surface 
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and the clean SiO2 surface shown in Figure 5.7(b) is very clear. With longer growth time, 
the thickness of the polymer can increase to 7 nm. The thickness of the polymer layer is 
readily controlled by the growth time and concentration of monomer, which indicates this 
as an efficient method to design polymer-graphene hybrids. 
 
Figure 5.7. AFM images of Polymer 2 coated graphene, grown from micrometer-sized 
rGO on SiO2 substrate. (a) Magnified image after a growth time of 20 h, top view 
showing polymer grains on rGO. (b) image of G-Polymer 2 on rGO after 20h growth time, 
indicating clear difference between G-Polymer 2 and SiO2, (c) Standard image of 
G-polymer 2 after growth time of 60 h. G-polymer 2 thickness increases to 6.7 nm after 
60 h, which has been shown in left part of (c). 
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Figure 5.8. Fluence-dependent transmittance of (a) CNT, rGO in water and Polymer 1 
and G-Polymer 1 in toluene; and (b) CNT, rGO in water and Polymer 2 and G-Polymer 2 
in toluene measured using 7 ns pulses at 532 nm. The linear transmittance of all the 
solutions were adjusted to 65%. 
 
The optical limiting properties of the G-Polymers in solution were investigated with 
fluence-dependent transmittance measurements at 532 nm and the details of the set-up 
can be found in Chapter 2. Figure 5.8 shows the nonlinear transmittance of the 
5 nm 














































































Chapter 5                                       Optical Limiting Properties of  
 109 
G-Polymers in toluene. Carbon nanotubes (CNTs) were used as the benchmark material 
for comparing the optical limiting performance. It was found that the transmittance of 
G-Polymers starts to drop at 0.1 J/cm
2
, which is smaller than rGO and CNTs, indicating a 
greatly enhanced optical limiting performance. The limiting threshold is defined as the 
incident fluence at which the transmittance falls to 50% of the normalized linear 
transmittance. The limiting thresholds are 0.93, 1.2 and 3.6 J/cm
2
 for the G-Polymer 1, 
G-Polymer 2 and CNTs, respectively. It is clear that the optical limiting performance of 
the G-polymers is better than that of the rGO or polymer alone. 
5.3.2 Nonlinear Scattering Measurements 
Several mechanisms, such as two-photon absorption, reverse saturable absorption, 
free carrier absorption, and nonlinear scattering [5.23-5.25], have been previously 
proposed to explain the optical limiting effect. The optical limiting activity of 
semiconductor quantum dots was usually ascribed to two-photon or three-photon 
absorption [5.24]. However, the optical limiting activity of carbon based materials is 
more likely induced by nonlinear scattering [5.25]. To confirm the mechanisms 
responsible for the strong optical limiting activity of these G-Polymer solutions at 532 nm, 
we have performed input-fluence-dependent scattering experiments on G-Polymer 1 and 
2, Polymers 1 and 2 in toluene, rGO and CNTs in water using 532 nm laser pulses. 
Input-laser fluence-dependent scattering signal was collected at an angle of 10° to the 
propagation axis of the transmitted laser beam at 532 nm and depicted in Figure 5.9. For 
both the G-Polymer and CNTs, the scattering signals were dominated by linear scattering 
at low input fluences and became deviated from linear behavior as the input fluence 
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increased. The contribution from nonlinear scattering became dominant at high pump 
fluences. These results suggest that the nonlinear scattering should play an important role 
in the observed optical limiting activity. The magnitude of the scattered signal for the 
G-Polymer solutions is higher than the scattering signal from CNTs at 532 nm, consistent 
with the better optical-limiting performance of the G-Polymer solutions compared to 
CNTs. In addition, it was observed that the pure polymer solutions showed a much 
smaller scattering signal compared to that of G-Polymer solutions. 
The nonlinear scattering usually arises from the formation of two types of scattering 
centers after photoexcitation of the G-Polymer solutions. At high pump fluence, the 
excitation energy absorbed by the polymer is transferred to the graphene, and then 
dissipated to the surrounding solvents. Consequently, the solvent is heated up and the 
bubbles are formed, which act as the scattering centers. The initial bubbles quickly 
expand due to the large pressure difference at the interface between the vapor and 
G-Polymer solution. When the size of bubbles becomes comparable to the magnitude of 
the wavelength of the incident light, scattering of the incident beam by the bubble clouds 
sets in. Alternatively, the thin G-Polymer flakes could also be directly ionized by the 
high-intensity laser pulses, forming microplasmas. Fast expansion of these microplasmas 
creates scattering centers which attenuate the incident beam. The efficiency of scattering 
is largely dependent on the cluster formations of the G-Polymer hybrids and skeleton 
structure of the polymer. The donor-spacer-acceptor triad system may facilitate formation 
of microplasmas due to hyperpolarizabilty effect. 
 



















Figure 5.9. Nonlinear scattering signals (at an angle of 10
O
 to the propagation axis of the 
transmitted laser beam) of (a) CNT, rGO in water and Polymer 1 and G-Polymer 1 in 
toluene; and (b) CNT, rGO in water and Polymer 2 and G-Polymer 2 in toluene measured 
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5.4 Conclusions 
Good optical limiting properties have been observed in two kinds of G-Polymer 
solutions. Their optical limiting properties are better than that of CNT suspension, which 
was known as a benchmark optical limiter. The input-fluence dependent scattering 
experiments suggest that nonlinear scattering should play an important role in the 
observed optical limiting effects. 
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Enhanced Optical Limiting Properties of 
Donor-Acceptor Ionic Complexes via 
Photoinduced Energy Transfer 
 
6.1 Introduction  
As discussed in previous chapters, optical limiters are devices that exhibit high 
transmittance for low-intensity light, and attenuate intense optical beams. They can be 
used to protect optical sensors (human eyes or CCD cameras) from damage caused by 
intense laser pulses [6.1, 6.2]. Effective optical limiting (OL) of nanosecond laser pulses 
can be achieved by optical limiters based on the following materials fullerenes [6.1], 
phthalocyanine complexes [6.3], carbon nanotubes [6.4-6.6], nanoparticles [6.7, 6.8], 
metal nanowires [6.9] and organic chromophores [6.10]. Most of the work has been 
carried out towards ideal OL materials by exploiting the underlying mechanisms 
including reverse saturable absorption [6.11], excited-state absorption [6.5], nonlinear 
scattering [6.5, 6.12], and multi-photon absorption [6.13]. 
Donor-acceptor complexes offer great potential for the development of ideal OL 
materials. The enhanced OL mechanism involving photoinduced charge/energy transfer 
has been reported [6.14-6.20]. As shown by Dupuis and co-workers, photoinduced 
intramolecular charge transfer in classic donor-acceptor complexes offered significant 
enhancement in the OL response for nanosecond laser pulses [6.14]. Mhuircheartaigh et 
al. [6.16] reported the enhanced OL response of a non-covalently linked porphyrin and 
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carbon nanotube (CNT) composite, as compared to their individual components. In 
addition, many research groups observed enhanced OL response in covalently linked 
porphyrin-CNT [6.17, 6.18], porphyrin-C60 [6.19], and porphyrin-graphene composite 
materials [6.20]. It was also demonstrated that CNTs, fullerenes and metal nanoparticles 
were excellent electron/energy acceptor materials [6.17, 6.19, 6.21] and porphyrins were 
superior electron/energy donor molecules [6.22, 6.23]. It should be pointed out that most 
of the above-said studies were based on the covalent functionalization of donor and 
acceptor molecules. 
In this chapter, we report our strategy that is simple yet effective, to enhance OL 
responses in donor-acceptor complexes by utilizing ionic interactions between donor and 
acceptor materials. The donor-acceptor complexes were prepared simply by mixing 
oppositely charged donors and acceptors, which offers great advantages over covalent 
functionalization, where a complex chemistry is required for synthesizing such complexes. 
The chemical structures of the complexes are illustrated in Figure 6.1. The enhancement 
in the OL response of negatively charged gold nanoparticles (Au NPs) or graphene oxide 
(GO) (Acceptor) was observed when they were mixed with water-soluble, 
positively-charged porphyrin (Donor) derivative. But, no enhancement was observed 
when mixed with negatively-charged porphyrin. Time Correlated Single Photon Counting 
(TCSPC) measurements showed shortening of porphyrin emission lifetime when 
positively charged porphyrin bound to negatively charged Au NPs or GO due to either 
energy or/and electron transfer. Furthermore, pump-probe studies were performed for 
these donor-acceptor complexes. The transient absorption spectra confirmed that the 
Chapter 6                                 Enhanced Optical Limiting Properties 
 
 119
energy transfer pathway should be responsible for the excited-state deactivation, which 
results in the enhanced optical limiting. Fluence, angle-dependent scattering 
measurements were also performed, which suggested that nonlinear scattering, should 
contribute to the enhanced optical limiting of the donor-acceptor complexes. 
6.2 Synthesis 
The samples were prepared by our collaborators Dr. Lakshminarayana Polavarapu 
and Prof. Qing-Hua Xu at Department of Chemistry, National University of Singapore, 
Singapore. The negatively-charged Au NPs were prepared by a previously reported 
method [6.24] and the negatively-charged graphene oxide (GO) was prepared by a 
modified Hummers method [6.25]. Their TEM and AFM images are shown in Figure 6.2. 
The sizes of the obtained Au NPs and GO sheets were in the range of 13-15 nm and 1-4 
μm respectively. The positively-charged TMPyP (meso-Tetra (N-methyl-4-pyridyl) 
porphine tetra tosylate) (P+), and negatively charged T790 (meso-Tetra (4-carboxyphenyl) 
porphine) (P-) porphyrin were purchased from Frontier Scientific and their structures are 
displayed in Figure 6.1. The stock solutions of porphyrin, Au NPs and GO were prepared 
in such a way that they have 50% absorbance in 1-cm-thick quartz cell at 532 nm. The 
porphyrin-GO and porphyrin-Au complexes were prepared by mixing 1:1 and 1:2 volume 
ratios of their stock solutions, respectively. It was observed that the fluorescence 
quenching efficiency of Au was lower than that of GO when the Au NPs and GO of same 
linear transmittance were added into porphyrin solution. The OL properties of porphyrin, 
GO, Au NPs and their complexes were measured with their linear transmittance fixed at 
65%. The details of the OL characterization setup can be found in Chapter 2. 














Figure 6.1. (a) Chemical structure of TMPyP (P+). (b) Chemical structure of T790 (P-). (c) 










Figure 6.2. (Left) TEM image of Au NPs and (Right) AFM image of GO. 
 
6.3 Results and Discussion 
The UV-Vis absorption spectra of P+, P- and their complexes (Au+P+, Au+P-, GO+P+ 
and GO+P-) in water solution are shown in Figure 6.3. The Au NP solution shows a 
2 μm
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surface plasmon resonance (SPR) peak at 525 nm and the GO solution possesses a broad 
absorption continuously decreasing to 800 nm. The P+ and P- solutions exhibit two main 
groups of transitions, corresponding to the Q band (in the visible) and the B (Soret) band 
(in the near UV). There is no shift of the bands observed in the donor-acceptor complexes, 
which suggests that the donor-acceptor mixing should cause no alteration of the electronic 
















Figure 6.3. UV-Vis-NIR spectra of (a) P+, P-, Au, Au+P+ and Au+P- (b) P+, P-, GO, 
GO+P+ and GO+P- complexes in water solution. 
 































































































Figure 6.4. Fluorescence spectra of (a) P+, P-, Au+P+ and Au+P- ; and (b) P+, P-, GO+P+ 
and GO+P- complexes in water solution. 
 
The excited-state interactions were probed by steady-state and time-resolved 
fluorescence spectroscopy. The fluorescence spectra of P+, P-, Au+P+, Au+P- , GO+P+ and 
GO+P- complexes are shown in Figure 6.4. Upon excitation of the porphyrin (P+ and P-) 
at 430 nm, the solution of Au+P+ and GO+P+ complexes exhibited 60% and 73% 
quenching of the emission at 640 nm respectively. But there was no sign of quenching in 
the Au+P- and GO+P- complexes, demonstrating that the opposite charges are prerequisite 
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for the formation of donor-acceptor complexes. The observed fluorescence quenching 
upon forming donor-acceptor complexes by ionic interactions indicates that there should 
be a strong interaction between the excited state of P+ and Au NP or GO in the 
donor-acceptor complexes. The possible pathways for the deactivation of excited P+ could 
be attributed to photoinduced electron or/and energy transfer (PET). Previously, Heeger et 
al. [6.21] reported possibility of electron/energy transfer when conjugated polymers 
formed ionic complexes with Au NPs.  
Furthermore, the fluorescence lifetimes of porphyrin and their complexes with Au 
NPs or GO were measured by using a TCSPC system (Horiba Jobin Yvon IBH Limited) 
by exciting with NanoLED of wavelength 438 nm (pulse width of 250 ps) and probing at 
640 nm for the emission. The measurements are shown in Figure 6.5(a) and Figure 6.5(b). 
The positively charged porphyrin alone shows monoexponential fluorescence decay with 
a lifetime of ~20 ns in water. The emission decays of positively charged porphyrin 
complex with Au NPs or GO exhibit an additional fast deactivation pathway. The Au+P+ 
complex decays with a fast component of 250 ps followed by a slower component of 15 
ns and the GO+P+ complex decays with a fast component of 1.2 ns followed by a slower 
component of 6 ns, which are faster than the pure P+. But, there was no change in the 
fluorescence lifetime of the negatively charged porphyrin (P-) when it was mixed with 
either Au NPs or GO in water as shown in Figure 6.5(b), where there was no interaction 
due to the repulsion between similar charges. The reduction in the fluorescence lifetime of 
the P+ is indicative of the electron and/or energy transfer process from P+ to Au NPs or 
GO. 























Figure 6.5. Fluorescence decays of (a) P+, Au+P+ and GO+P+; and (b) P-, Au+P-and 
GO+P- complexes in water solution. The instrument response function (IRF) is shown 






































































Figure 6.6. (Top) Transient absorption spectra of P+, Au+P+ and GO+P+ in water solution 
collected at 1ns after 400 nm femtosecond laser excitation. (Bottom) Decay dynamics of 
P+, Au+P+ and GO+P+ at a probe wavelength of 465 nm. 
 
Femtosecond transient absorption spectroscopy was carried out for more insights to 
the mechanism of the quenching process. The transient absorption spectra of pure P+ and 
their complexes with Au NPs and GO were measured by exciting with 400 nm 
femtosecond laser pulses, at a time delay of one nanosecond and those are shown in 
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Figure 6.6. P+ shows strong excited sate absorption at 460 nm and a negative absorption 
at 650 nm. The negative change in the absorbance (ΔA/A) arises from the stimulated 
emission of the excited P+. When the suspension of Au+P+ or GO+P+ was excited with a 
400 nm femtosecond laser pulse, we observed the similar transient absorption spectra as 
pure P+. We did not observe any new absorption bands in the transient absorption spectra 
of Au+P+ and GO+P+ because neither reduced nor oxidized form of the porphyrin 
occurred. The lower absorption values of the spectrum (b) and (c) in Figure 6.6 confirmed 
the quenching of the excited state within the laser pulse duration and the quenching is 
more efficient for GO+P+ complex, as compared with the Au+P+ complex. On the basis of 
these absorption and emission studies, we can infer that the energy transfer pathway is the 
major contribution in the excited state deactivation pathway. Previously, it has been 
reported that, when chromophores bind to Au NPs of size less than 8 nm in diameter, an 
electron transfer pathway dominates [6.26-6.28]. Another possible pathway for the 
quenching of the fluorescence involves direct energy transfer to Au NPs or GO and this is 
dominant especially when the metal nanoparticles are of a larger size.  
The OL properties of these materials were measured by using fluence dependent 
transmittance measurements at 532 nm with 7 ns laser pulses with repetition rate of 10-Hz. 
Figure 6.7 shows that the OL performance of the P+, P-, Au+P+, GO+P+, Au+P- and 
GO+P- complexes at 65% linear transmittance. These measurements demonstrated that 
the OL performance was enhanced for the Au+P+ and GO+P+ complexes as compared to 
their individual P+, Au NPs, or GO. However, there was no enhancement for the Au+P- 
and GO+P- complexes. The limiting threshold of the GO+P+ and Au+P+ complexes in 
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1-cm-thick quartz cell were ~1.9 and 4.3 J/cm2, respectively,  considerably less than pure 
P+, Au NPs, or GO solutions as shown in Figure 6.7, indicating that the energy transfer 
enhances the optical limiting response. Although the GO+P+ complex exhibits lower 
threshold than the Au+P+ complex, but the enhancement of OL response for Au+P+ was 
higher than the GO+P+ complex as compared to their individual P+, Au NPs, or GO. The 
strong enhancement for Au+P+ complex is due to the strong surface plasmon resonance of 



































Figure 6.7. Fluence-dependent transmittance measured for (a) Au, P+, P-, Au+P+ and 
Au+P-; and (b) GO, P+, P-, GO+P+ and GO+P- complexes in water solution. The linear 
transmittance of all the solutions were adjusted to 65%. 
  
Enhanced nonlinear scattering behavior was also observed for these donor-acceptor 
complexes. Figure 6.8 shows the fluence-dependent scattering measurement at an angle 
of 20o to the transmitted laser beam. As shown in Figure 6.8(a) and 6.8(b), the nonlinear 
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individual P+, Au NPs, or GO. But there was no enhancement for the Au+P- and GO+P- 
complexes. The angle dependent scattering measurements are shown in the insets of 
Figure 6.8(a) and 6.8(b). The scattering signals are in excellent agreement with the 
nonlinear optical transmittance measurements.  
From the above scattering data, one can conclude that nonlinear scattering plays an 
important role in enhancement of the OL properties of donor-acceptor complexes. The 
nonlinear scattering arises partially due to thermal expansion of complexes; and partially 
due to bubble formation in the solution via energy transfer from the complexes to the 
solvent. The lifetimes of the Au+P+ and GO+P+ complexes are shorter than those for the 
pure P+. Hence, energy transfer is more efficient in the Au+P+ and GO+P+ complexes, 
resulting in efficient nonlinear scattering. Between the Au+P+ and GO+P+ complex, the 
former is less efficient than the later, consistent with their lifetime measurements. The 
major contribution for enhancement of OL properties of the complexes is due to the fast 
deactivation due to energy transfer, thus most of the energy is dissipated through 
non-radiative decay, and more heat is generated. The generated heat transferred to the 
solvent will result in a formation of microbubbles, which can act as scattering centers and 
lead to the improvement in the OL performance. Therefore, donor-acceptor complexes 
like Au+P+ and GO+P+ can serve as good nonlinear scatterers and effective OL materials. 
It should be emphasized that these composites are attainable by simple mixing of 
oppositely charged donor and acceptor and no complicated chemistry is required. 
 
 




















Figure 6.8. Scattered light measured for (a) Au, P+, P-, Au+P+ and Au+P- ; and (b) GO, P+, 
P-, GO+P+ and GO+P- complexes in water solution at an angle of 20O. Insets of (a) and (b) 
are the polar plots of the scattering signal as a function of the angular position of the 
detector. The linear transmittance of all the solutions were adjusted to 65%. 
 
6.4 Conclusion 
The OL properties of donor-acceptor ionic complexes have been studied in two 
model systems using positively-charged porphyrin derivative as donor and 





















































































Chapter 6                                 Enhanced Optical Limiting Properties 
 
 131
porphyrin-gold nanoparticle or porphyrin-graphene oxide ionic complexes exhibit 
enhanced OL properties as compared with the individual porphyrin, Au NPs and graphene 
oxide. But, there is no enhancement when negatively-charged porphyrin is mixed with 
negatively-charged Au NPs or graphene oxide. Enhanced nonlinear scattering is observed 
in the donor-acceptor ionic complexes, which contributes to the enhanced OL effect. 
Transient absorption studies of the donor-acceptor complexes confirm that the energy 
transfer pathway is mainly responsible for the excited-state deactivation, which results in 
the enhanced OL performance. 
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This doctoral dissertation focuses on the investigation of optical limiting properties of 
novel nanocomposites, with special emphasis on two different types of nanocomposites - 
metal nanocomposites and graphene-oxide nanocomposites. The studies presented in this 
dissertation should provide useful information of relevance to optical limiting devices 
based on novel nanocomposites.  
Following are the conclusions. 
1. In Chapter 3: 
a) Report of an approach to enhance the third-order nonlinear optical (NLO) 
properties of a nanocrystal through the attachment of another metallic 
nanoparticle. 
b) Demonstration of enhanced two-photon absorption and nonlinear refraction 
cross-sections, at frequencies far below the surface plasmon resonance of the 
attached metal nanoparticle. 
c) Confirmation of the importance of local electric field induced by the silver (Ag) 
nanoparticle in the enhancement by discrete dipole approximation modeling. 
2. In Chapter 4: 
a) Demonstration of strong optical limiting properties of Ag-Fe3O4 nanocomposites 
for both femtosecond and nanosecond laser pulses. 
Chapter 7                                                      Conclusions 
 137
b) Proof of enhanced optical limiting in the nanosecond regime, as a result of 
enhanced nonlinear scattering and in the femtosecond regime, due to increased 
two-photon absorption. 
c) Ag-size dependency for further reduction of the optical limiting threshold of 
Ag-Fe3O4 nanocomposites. 
3. In Chapter 5: 
a) Presentation of optical limiting properties of two kinds of graphene oxide-polymer 
nanocomposites in solution. 
b) Demonstration of heightened optical limiting responses in both kinds of 
graphene-oxide polymers by fluence-dependent transmittance measurements. 
c) Suggestion of optical limiting effect to be predominantly the result of nonlinear 
scattering, as revealed by input fluence-dependent scattering experiments. 
4. In Chapter 6: 
a) Investigation of the optical limiting properties of donor-acceptor ionic complexes 
in two model systems using positively-charged porphyrin derivative as donor and 
negatively-charged gold nanoparticles or graphene oxide as acceptor. 
b) Observation of enhanced optical limiting properties exhibited by porphyrin-gold 
nanoparticle or porphyrin-graphene oxide ionic complexes as compared with the 
individual porphyrin, gold nanoparticles or graphene oxide. 
c) Demonstration of the charge status dependency of the nanocomposite donor 
moiety and the enhanced nonlinear scattering for the observed enhancement. 
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d) Confirmation of energy transfer pathway as the primary reason for excited-state 
deactivation, which results in enhanced nonlinear scattering by transient 
absorption studies of the donor-acceptor complexes.  
Future Directions 
Metal nanoparticles have been known to exhibit unique and tunable optical properties 
on account of surface plasmon resonance. Our study demonstrates the size-dependent 
nonlinear optical properties of the Ag-Fe3O4 nanocomposites. Different metal 
nanoparticles depending on their size as well as varied shapes have the potential to exhibit 
enhanced nonlinear optical properties. The scope of our study can thus be further 
extended by using different shapes and different noble metal nanostructures to investigate 
the shape- and metal-dependent enhancement of the nonlinear properties of suitable 
nanocomposites. 
For practical applications, optical limiting devices are highly desirable and operate 
efficiently at broadband wavelengths. Carbon nanotubes, as the benchmark optical limiter 
have been shown to exhibit excellent broadband optical limiting responses. As a new 
member of the carbon family, graphene is increasingly being studied as a potential optical 
limiter. Our study demonstrated that graphene oxide nanocomposites showed enhanced 
optical limiting properties at 532 nm. However it is of practical importance to study the 
nonlinear optical response of graphene nanocomposites at broadband wavelengths. 
